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    This thesis presents results on STM and HREELS studies of two dimensional 
graphene films and graphene nanoislands. In Chapter 3 and 4, we investigate the 
k-space dependent plasmons behaviors of epitaxial graphene with different thickness 
using HREELS. There are significant differences in the plasmon behavior for single, 
bilayer and 3-4 layer graphene which originate from differences in the in-plane and 
out-of-plane modes, as well as the different band structures between single layer and 
few-layer graphene. We demonstrate that HREELS measurement can be used as a 
sensitive and effective tool to study the plasmon behaviors and determine of the layer 
thickness of graphene. 
 In the second section, we demonstrate a facile means to generate fluorescent 
carbon nanoribbons, nanoparticles and graphene from graphite electrode using ionic 
liquid-assisted electrochemical exfoliation. A time dependence study of products 
exfoliated from the graphite anode allows the reconstruction of the exfoliation 
mechanism based on the interplay of anodic oxidation and anion intercalation. In 
addition, the fluorescence of these carbon nanomaterials can be tuned from the visible 
to ultraviolet region by controlling the water content in the ionic liquid electrolyte.  
In the last part, for the first time we report the synthesis of regular sized 
graphene nanostructures using C60 molecules and tuning its bandgap by edge 
functionalization using scanning tunneling microcopy and spectroscopy. We show 
vii 
 
here that Ru-catalyzed cage-opening of fullerene provides a facile route to the 
controllable synthesis of graphene quantum dots (GQDs). The strong C60–Ru 
interaction induces the formation of surface vacancy and molecular embedding of C60 
on the Ru substrate. The fragmentation of the embedded C60 at elevated temperatures 
produces carbon clusters which undergo diffusion and aggregation to form GQDs. 
The equilibrium shape of GQDs can be tailored by optimizing the annealing 
temperature and density of carbon clusters. In addition, we also demonstrate an 
in-plane donor-acceptor interaction that can open a tunable bandgap of graphene up to 
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Chapter 1 Introduction 
1.1 Background 
Graphene is a monolayer thick carbon atomic sheet with the atoms packed in a 
two-dimensional (2D) honeycomb lattice. Graphene can be considered as the basic 
building block of all graphitic materials. It can be wrapped up into 0D fullerenes, 
rolled into 1D nanotubes or stacked into 3D graphite, as shown in Fig. 1.1.1 Although 
known as an integral part of 3D materials, graphene was thought for a long time to be 
only a theoretical construct5 and cannot exist in nature, due to its thermodynamic 
instability with respect to curved structures such as soot, fullerenes and nanotubes.1 
All these were changed in 2004 when graphene was isolated by peeling it off from 
highly oriented pyrolytic graphite using adhesive tape.2,3 Subsequent experiments4,5 
confirmed that its charge carriers were indeed massless Dirac fermions. Since then, 
graphene unravels a new era of condensed matter physics, culminating in the award of 
Nobel Prize to Andre Geim and Konstantin Novoselov, the pair has been credited 






Figure 1.1 Graphene is a basic building block of all graphitic materials. It can be 








1.2 Electronic properties of graphene 
1.2.1 Band structure  
Graphene has many interesting and potentially useful properties such as high 
carrier mobilities and quantum relativistic phenomena.1,3,4,6 These intriguing 
behaviors are attributed to the peculiar electronic structure of graphene. The 
conduction and valence bands touch each other at K points7 in Brillouin zone, and in 
the vicinity of these points, the electron energy has a linear relationship with the 
wavevector, E = ћkvf (Fig. 1.2c), where k is the momentum measured relatively to the 
Dirac points and νf is the Fermi velocity. Therefore, electrons in an ideal graphene 
sheet behave like massless Dirac-Fermions.8 This remarkable band structure can be 
analytically calculated in the tight binding approximation.7 For a single layer 
graphene, the symmetry group leads to a degeneracy of the π bands at the K point. 
The Fermi level intersects the π band at the K point, leading to a vanished density of 
states (DOS) at EF but sharp rise in the DOS above and below EF (Fig. 1.2 b). 






Figure 1.2 (a) Three-dimensional STM image of epitaxial graphene on Ru(0001). 
Honeycomb lattice patter was observed in the moiré hump regions (b) Density of 
states per unit cell of graphene as a function of energy (in units of t: the 
nearest-neighbor hopping energy 2.8 eV, hopping between different sublattices). (c) 
The band structure of graphene (only π-band). The energy is given in units of t. Zoom 
in the energy bands close to one of the Dirac points shown in the right panel. For (b 
and c), reproduced with permission from Ref (6).6 
 
A good on-off ratio to be viable is essential for a transistor device. However, one 
challenging issue that needs to be addressed in semimetallic graphene is how to 
generate a bandgap before this material can be deployed as a transistor. A bandgap 
can be engineered due to electronic coupling between graphene and the underlying 
substrate for graphene grown epitaxially on silicon carbide. However, bandgap 
tailoring by external electrostatic gate9,10 or substrate11-13are external controls with 
limited tuneability for the on-off ratio. Reducing the size of a semiconductor crystal to 
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be comparable to the exciton Bohr radius of the bulk material is a common strategy to 
generate a size-dependent bandgap and energy relaxation dynamics when the 
boundary significantly modifies electron distribution.14,15 Therefore, another route for 
bandgap engineering could rely on the spatial confinement of electrons in low 
dimensional nanostructure with lateral dimension below 20 nm.16-18 The synthesis of 
such graphene nanostructure is not trivial, as gap-dependent properties like size, shape 
and edge control is quite challenging. The edge configuration also plays an important 
role in determining the electronic properties of graphene nanostructures which 
provides an alternative platform for the bandgap engineering. It has been 
demonstrated that graphene nanoribbons (GNRs) and graphene quantum dots 
(GQDs)18-24with edges adopting the armchair conformation, as opposed to zigzag 
edges, can be semiconducting . 
1.2.2 Edge states 
Understanding the surface structure of bulk, crystalline semiconductors has a 
significant impact on the development and manufacturing of electronic devices. The 
presence of surface states results in binding of free carriers and induces the formation 
of Schottky barriers at semiconductor–metal interfaces has been explained by 
Bardeen.25 Engineering the surface states enabled scientists to optimize the 
performance of integrated circuits 50 years ago. The edge structure of 
nanometer-sized and 2D graphene, analogous to the surface states that exist in bulk 
crystals, can significantly influence their electronic structure. Small graphene 
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nanostructures are an ideal object to study effects of the edges. Beyond the recent 
observed reconstructed edge of graphene26, there are generally two types of edges in 
graphene, zigzag edges and armchair edges27 as shown in Fig. 1.3.  
 
 
Figure 1.3 (a) Graphene nanostructures with armchair (up left) and zigzag (bottom 
left) edges. (b) Three-dimensional TEM image of a graphene hole shows that the 
carbon atoms along the edge assume either a zigzag or an armchair configuration. (c) 
3D STM image of the graphene nanoisland grown on Ru(0001) and its corresponding 
zigzag edges shown in (d). For (b), reproduced with the permission from Ref (27).27   
Graphene nanoribbons are a particularly popular “toy” for the theoretical study 
of edge effects within the tight binding model or with density functional theory. 
Theoretically, it has been shown that a striking feature is that zigzag typed edges 
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possess the localized edge state due to non-bonding  electrons, while the armchair 
edges do not show such a state for decades ago.6,28 Varying the width of such 
graphene nanoribbons allows further understanding of the nature of the edge state. 
Fig. 1.4 (a-c) shows the remarkable new feature arises in the band structure for the 
graphene nanoribbons. Although the degeneracy is expected to appear at k = ± 2π/3 
on the basis of the projected band structure of 2D graphite, the highest valence band 
state and the lowest conduction band state for the zigzag ribbons always intersect at k 
= π. It was found that the corresponding wave functions completely localized on the 
edge sites result in the degeneracy of the center bands at k = π rather than the effects 
originated from the intrinsic band structure of 2D graphite. Increasing the ribbon 
width will flatten these two special center bands. The band structure for the zigzag 
ribbon (N = 30) together with the projected band structure of 2D graphite was 
displayed in Fig. 1.4 (d-e). In Fig. 1.4 d, there is a dip near k = ± 2π/3 for the second 
lowest conduction, where a rise was observed for the highest valence band below the 
center bands. It approaches closer to each other as N increases, thus reproducing the 
electronic state around the original K point in 2D graphite. It was found that the 
electronic states in the almost flat bands correspond to a state localized on the zigzag 
edge by examining the charge density distribution.29,30 In contrast, armchair 
nanoribbon does not have a pronounced edge state and exhibits a bandgap, which is 
important for potential applications in a graphene transistor. The bandgap is gradually 
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close with increasing the width of ribbons since the band structure approximates the 




Figure 1.4 Calculated E(k) of zigzag ribbons [N = 4 (a), N = 5 (b), and N = 6 (c)], 
calculated band structure of a zigzag ribbon (d), and the projected band structure of 
2D graphite onto a zigzag axis (e). The width N of the ribbons is measured by the 
number of dimer rows in the case of armchair ribbons and as the number of zigzag 
rows in case of zigzag ribbons. Reproduced with the permission from Ref(30).30 
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1.3 Preparation of graphene nanostructures  
As mentioned above, a major hindrance to the utilization of graphene in 
next-generation digital electronics is its lack of an intrinsic energy gap. Bandgap 
engineering can be implemented in GNRs and GQDs owing to quantum 
confinement22,24 and edge effects,9 which is useful for realizing the potential of 
graphene as a transistor. Therefore, there are ongoing efforts to develop effective and 
controllable routes for the graphene nanostructures with well defined geometries and 
edge configuration.  
1.3.1 E-beam and oxygen plasma lithography 
Most GNR- and GQD-based electronic devices are fabricated by lithography 
techniques, which can realize widths and diameters down to ca. 20 nm.31,32 Han et al. 
patterned a negative tone e-beam resist (hydrogen silsesquioxane) onto the graphene 
samples to form an etch mask defining nanoribbons with widths ranging from 10–100 
nm and lengths of 1–2 μm. Additional oxygen plasma is subsequentially introduced to 
etch away the exposed regions of graphene, leaving the GNR protected beneath the 
mask.31 Alternatively, Polymethyl methacrylate (PMMA) and electron-beam (e-beam) 
lithography is used to pattern the etch mask for the GQDs-based devices as reported 
by Stamper et al.24,32 Recently, Bai et al. used chemically synthesized nanowires as 
etch mask,33 which was demonstrated as a controllable manner to fabricate sub-10 nm 
GNRs. The fabrication process is illustrated in Fig. 1.5. In contrast to conventional 
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lithography, nanowires as etch mask have the following advantages. (i) It can be 
obtained using various chemical approaches with controllable sizes down to 1-2 nm. 
(ii) Nanowires have a nearly atomically smooth line edge, which is essential to control 
the edge configuration of GNRs.34 (iii) Such nanowires can be aligned on top of 
graphene as a physical mask. In this way, GNRs in the sub-10 nm regime can be 
readily produced in a highly controllable manner.  
 
Figure 1.5 (a-f) Illustrate the fabrication of GNRs by oxygen plasma etch with a 
nanowire etch mask; (g, h) AFM images of a graphene flake with a nanowire etch 
mask on top before (g) and after (h) oxygen plasma etch; (i) AFM image of one GNR 
after removing the mask nanowire by sonication; (j, k) branched and crossed graphene 
nanostructures produced from merged and crossed nanowire masks. The scale bars in 




1.3.2 STM lithography  
STM lithography can be used to locally pattern graphene nanostructures with 
flexible shapes and sizes by the local oxidation of the sample surface using a STM tip. 
Biro et al.35,36 reported that graphene nanoribbons with predetermined 
crystallographic orientations can be precisely patterned in nanometer range using 
STM lithography (Fig. 1.6). Simultaneously, the atomic structure and electronic 
properties of the ribbons created is facilely investigated by STM. With the help of 
scanning tunnelling spectroscopy (STS), opening of confinement gap up to 0.5 eV is 
observed which enables the room-temperature operation of graphene 
nanoribbon-based devices. STM lithography method may prove useful in the 
operating as room-temperature ballistic electronic devices and realization of 








Figure 1.6 Graphene nanoribbon patterned by STM lithography. a, 3D STM image of 
a 10-nm-wide and 120-nm-long graphene nanoribbon. b, High-resolution STM image 
(20 × 20 nm2, 1 nA, 200 mV) of a 15-nm-wide GNR. The color scale bars encode the 
height of the imaged features. Reproduced with the permission from Ref(35).35 
 
1.3.3 Solution-phased cutting  
Sonochemistry was commonly involved in the defect-mediated exfoliation or 
cutting process of the precursor graphitic flakes to form the graphene 
nanostructures.39 Sonochemistry involves acoustic cavitations during the process of 
the formation, growth, and implosive collapse of bubbles in a liquid. With liquids 
containing solids, cavity collapse may be nonspherical and drives high-speed jets of 
liquid to the surface of solid which induces the high velocity interparticle collisions 
by liquid-power suspensions. The surface morphology and composition will be 
consequentially altered and damaged by such collisions. Recently, Li et al. have 
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reported a simple chemical method to produce GNRs by the exfoliation of 
commercial expanded graphite flakes19 as shown in Fig. 1.7. The approach constitutes 
several critical steps in the formation of GNRs. First of all, the pre-stage is to expand 
the graphite flakes using chemical intercalation of oxidizing sulfuric acid and nitric 
acid. Secondly, rapid heating of the expandable graphite to 1000°C produces 
few-layered graphene following further exfoliation of graphite flakes by gaseous 
species. Thirdly, solution-phase sonication and functionalization by PmPV of 
few-layered graphene sheets assist to form the suspending graphene in DCE solvent. 
Sonication will finally lead to the chemo-mechnical breakage of the suspended 
graphene sheets into GNRs and small pieces of graphene sheets with an appreciable 
yield.  
Instead of sonication-assisted cutting, a novel and simple hydrothermal approach 
for the cutting of graphene sheets into surface-functionalized GQDs has been recently 
reported.21 In this case, defects in the basal plane of graphene play an important role 
in the exfoliation process. Different functional groups such as epoxy and carbonyl 
groups may exist in the oxidized graphene sheets. The presence of these linear defects 
makes the graphene sheets highly fragile and susceptible to scission. Nanosheets 
surrounded by the mixed epoxy lines or edges may further break up during the 
hydrothermal deoxidization process, by which the bridging O atoms in the epoxy 
chains are removed, leading to the formation of GQDs eventually. Large lateral sizes 
will prevent the photoluminescence in the graphene sheets and GNRs as commonly 
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observed. The functionalized GQDs with 9.6-nm average diameter (Fig. 1.8) studied 
here were found to exhibit bright blue photoluminescence (PL), which may expand 
the application of graphene-based materials to the optoelectronics and biological 
labeling fields.  
 
 
Figure 1.7 Chemically derived graphene nanoribbons with sub-10-nm width. 
(A)(Left) Photograph of suspended GNRs with a polymer PmPV/DCE solution. 
(Right) Schematic drawing of two units of a PmPV polymer chain adsorbed on top of 
one GNR via stacking. (B to F) AFM images of selected GNRs with widths in the 
50-nm, 30-nm, 20-nm, 10 nm and sub-10-nm regions, respectively. Reproduced with 




Figure 1.8 a) TEM image of the GQDs. b) the lateral size distribution of the dots. c) 
AFM image of the GQDs deposited on mica substrates. d) Height distribution of the 
dots. Height ≤1 nm, one layer; ca. 1.5 nm, two layers; ca. 2.0 nm, three layers. More 
than 85% of the GQDs:1–3 layers. Reproduced with the permission from Ref(21).21 
 
1.3.4 Surface assisted coupling and dehydrogenation 
Surface-assisted chemical reactions on single-crystal metal surfaces have 
recently been the subject of intense research efforts.40 Surface-catalysed 
cyclodehydrogenation process was involved in transforming complex organic 
polyaromatic precursors into fullerene.41 Similarly, surface-assisted coupling and 
cyclodehyrogenation of pre-designed molecule precursors could lead to atomically 
precise GNRs or GQDs instead of irregular-shaped graphene nanostructures produced 
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by defects-mediated cutting.23 Using this approach, atomically precise graphene 
nanoribbons of different topologies and widths were reported by Cai et al. as shown 
in Fig. 1.9. The size, topology and edge configuration of the GNRs depend on the 
structure of the precursor monomers, which can produce GNRs with different shape 
and size. Treier et al. developed a similar surface chemical route that allows for the 
atomically precise tailoring of nanographenes from a prototypical polyphenylene 
precursors (Fig. 1.10).42 The mechanism identified belongs to the class of common 
reactions that drive surface-assisted dehydrogenative aryl–aryl coupling reactions in 
many other molecule–substrate systems. A convenient on-surface synthesis route 





Figure 1.9 Schematic illustrates the surface-assisted bottom-up fabrication of 







Figure 1.10 Computed reaction energy diagram for intramolecular aryl–aryl coupling 
in prototypical polyphenylene precursors. (1) Adsorbed configuration of precursor on 
Cu(111) based on an ab initio approach. The reaction proceeds via five meta-stable 
intermediates (2–6). Reproduced with the permission from Ref(42). 
 
1.3.5 Conventional bottom-up chemical routes 
Although chemically derived micrometer-scale graphene can be generated from 
the reduction of graphene oxide, synthetic techniques for smaller planar, 
benzene-based macromolecules have been known for some time.43-45 These 
graphene-like polycyclic aromatic hydrocarbons (PAHs) are now attracting new 
interest due to their highly versatile applications, and they can be considered as a 
possible alternative approach to graphene since they occupy an interesting place in 
between “molecular” and “macromolecular” structures (refer to Fig. 1.11).45 Although 
their solubility can be modified by substituting with a range of aliphatic chains, highly 
efficient intramolecular π–π stacking renders them practically insoluble in most 
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common organic solvents. Another major drawback of PAHs is that increasing 
molecular weight rapidly decrease its solubility and increases the occurrence of side 
reaction which gives rise a limited molecular size based on the bottom-up synthesis. 
Moreover, high sublimation temperature raised by the strong π–π stacking also makes 
it impossible to transfer these structures onto a substrate or a device by thermal 
evaporation. A highly demanding task for the researchers is to further extend the size 
range of PAHs, which could provide a clean synthetic route to graphene for some 
applications.  
In this year, Li and coworkers reported the synthesis of large colloidal graphene 
quantum dots (GQDs) with a uniform and tunable size through solution chemistry. 
Those colloidal GQDs consist of 168, 132, and 170 conjugated carbon atoms (Fig. 
1.12), respectively, which are the largest stable colloidal GQDs reported so 
far.22,46-48Polyphenylene dendritic precursors were synthesized through stepwise 
solution chemistry. The oxidation of precursors led to the fused graphene moieties. 
Multiple alkyl-substituted phenyl groups covalently attached to the edges of the 
graphene moieties stabilize the resultant graphene. The substituted phenyl groups 
from the plane of the core were twisted due to the crowdedness on the edges of the 
graphene cores, leading to a three-dimensional GQD. Such effect results in a reduced 
π–π stacking between the basal planes of graphene, thus effectively increasing their 





Figure 1.11 Molecular structure of one kind of PAH49 and STM images of the 




Figure 1.12 (a) alkyl-substituted phenyl moiety is covalently attached to the edges of 
the graphene (b) An energy-minimized geometry of the GQD 1 (in c), showing the the 
graphene core (blue) with the alkyl chains (black) in three dimensions. (c) Structures 
of the colloidal GQDs synthesized containing 168, 132, and 170 conjugated carbon 




1.3.6 Unzipping Carbon Nanotubes 
Recently, graphene nanoribbons were successfully produced by “unzipping” 
carbon nanotubes (CNTs). Tour and co-workers50 use a similar method as what have 
been discussed in the hydrothermal cutting. First, the oxidation initiated from an 
undefined point along the nanotubes and thus defects were created, which made 
adjacent C=C bonds more susceptible to oxidation. Sequential cleavage unzips the 
CNTs into oxidized graphene nanoribbons as shown in Fig. 1.13. Reduction of GNRs 
with hydrazine and annealing will recover the conductivity of nanoribbons. Another 
method reported by Dai and co-workers used plasma-etching to unzip CNTs.51 Using 
a polymer mask, the exposed regions of the CNT side-wall are etched away by argon 
plasma (Fig. 1.14). Jiao et al. from the same research group52 reported that pristine 
few-layer nanoribbons can be produced by unzipping mildly gas-phase oxidized 
multiwalled carbon nanotubes using mechanical sonication in an organic solvent. The 
nanoribbons are of very high quality, with smooth edges and low ratios of disorder as 
confirmed from the Raman spectra. The electrical conductance and mobility of GNRs 





Figure 1.13 Schematic illustrates the formation of GNRs by longitudinal unzipping of 
carbon nanotubes. (a) Representation of the gradual unzipping of one wall of a carbon 
nanotube to form a nanoribbon. (b) The proposed chemical mechanism of nanotube 









Figure 1.14 Making GNRs from CNTs. (a) A pristine MWCNT was used as the 
starting material. (b) A PMMA film was coated on the MWCNT deposited on a Si 
substrate (c) The PMMA–MWCNT film was peeled from the Si substrate, turned over 
and then exposed to an Ar plasma. (d–g) Several possible products were generated 
with different etching durations. (h) Remove PMMA to release the GNR. Reproduced 
with the permission from Ref(51). 
 
1.3.7 Problems and Challenges 
Despite some degree of success in the above-mentioned methods in generating 
graphene nanostructures, many issues remain to be tackled. Conventional lithography 
methods cannot control the edges of the GNR readily and contamination problems 
from polymer resists often interfere with device fabrication process. Although STM 
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lithography offers an opportunity to produce graphene nanostructures with flexible 
shapes in the nanometer size range, it requires a conducting substrate. Moreover, the 
local oxidation the sample surface using probing tip cannot guarantee the fabrication 
of a controllable and reliable edge configuration. Recently, surface assisted coupling 
and dehydrogenation of pre-designed precursors has appeared to be a promising 
method for the synthesis of atomically precise graphene nanostructures. Despite the 
tedious wet-chemistry steps involved in the synthesis of those precursors, the shape 
and topology of GNRs and GQDs are also constrained by the precursor molecules. 
Subsequential surface dehydrogenation and coupling also requires precise control of 
the annealing temperature. Although solution-phased sonication is a low-cost and 
facile method for generating nanographene, it inevitably produce irregularly-sized and 
shaped nanographene sheets due to the intrinsic randomness in the defect-mediated 
exfoliation or cutting process of the precursor graphitic flakes. Although 
nanographene synthesized by the conventional bottom-up organic synthesis has a 
well-defined molecular structure, the major drawbacks involved are the limited sizes 
due to its rapidly decreasing solubility with increasing the molecular weight. High 
sublimation temperature raised by the strong π–π stacking also makes it difficult to 
transfer these structures onto a substrate. Besides the low yield of GNRs from the 
unzipping of carbon nanotubes, the presence of impurities arising from functionalities 
has a significant effect in the transport properties of graphene, as can be seen by the 
reduction in the electrical conductivity by several orders of magnitude.53  
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    In summary, it is highly demanding to seek a facile approach to produce a 
variety of high-quality and regular-shaped graphene nanostructures with controlled 
edges, which will provide a good platform to the deeper understanding the edges and 
shape dependent electronic properties. One big issue facing today is how to transfer 
these well-defined graphene nanostructures onto suitable substrates for the device 
fabrication and is it possible to grow graphene directly on these substrates? In this 
thesis, we will consider a fabrication process that is driven by thermodynamics, as in 
crystal growth, to produce a variety of regular-shaped graphene nanostructure which 
should be more suitable than defect-mediated fragmentation processes. We also 
studied the size-dependent bandgap of graphene nanostructures and the methods to 
tune the bandgap of nanographene by modifying their edge states. In addition, we also 
investigated the size and defects dependent optical properties of graphene 
nanostructures using wet-chemistry methods. Although graphene nanostructures with 
remarking properties could be used in many fields, it is outside the scope of this thesis 









1. Geim, A.K. & Novoselov, K.S. The rise of graphene. Nature Materials 6, 
183-191 (2007). 
2. Novoselov, K.S. et al. Electric field effect in atomically thin carbon films. 
Science 306, 666-669 (2004). 
3. Novoselov, K.S. et al. Two-dimensional atomic crystals. Proceedings of the 
National Academy of Sciences of the United States of America 102, 
10451-10453 (2005). 
4. Novoselov, K.S. et al. Two-dimensional gas of massless Dirac fermions in 
graphene. Nature 438, 197-200 (2005). 
5. Zhang, Y.B., Tan, Y.W., Stormer, H.L. & Kim, P. Experimental observation 
of the quantum Hall effect and Berry's phase in graphene. Nature 438, 
201-204 (2005). 
6. Castro Neto, A.H., Guinea, F., Peres, N.M.R., Novoselov, K.S. & Geim, A.K. 
The electronic properties of graphene. Reviews of Modern Physics 81, 109-162 
(2009). 
7. Wallace, P.R. THE BAND THEORY OF GRAPHITE. Physical Review 71, 
622-634 (1947). 
8. Haldane, F.D.M. MODEL FOR A QUANTUM HALL-EFFECT WITHOUT 
LANDAU-LEVELS - CONDENSED-MATTER REALIZATION OF THE 
PARITY ANOMALY. Physical Review Letters 61, 2015-2018 (1988). 
9. Oostinga, J.B., Heersche, H.B., Liu, X.L., Morpurgo, A.F. & Vandersypen, 
L.M.K. Gate-induced insulating state in bilayer graphene devices. Nature 
Materials 7, 151-157 (2008). 
10. Zhang, Y.B. et al. Direct observation of a widely tunable bandgap in bilayer 
graphene. Nature 459, 820-823 (2009). 
11. Siegel, D.A. et al. Self-doping effects in epitaxially grown graphene. Applied 
Physics Letters 93(2008). 
12. Zhou, S.Y. et al. Substrate-induced bandgap opening in epitaxial graphene. 
Nature Materials 6, 770-775 (2007). 
13. Shi, Y.M., Dong, X.C., Chen, P., Wang, J.L. & Li, L.J. Effective doping of 




14. Efros, A.L. & Rosen, M. The electronic structure of semiconductor 
nanocrystals. Annual Review of Materials Science 30, 475-521 (2000). 
15. El-Sayed, M.A. Small is different: Shape-, size-, and composition-dependent 
properties of some colloidal semiconductor nanocrystals. Accounts of 
Chemical Research 37, 326-333 (2004). 
16. Berger, C. et al. Electronic confinement and coherence in patterned epitaxial 
graphene. Science 312, 1191-1196 (2006). 
17. Guclu, A.D., Potasz, P., Voznyy, O., Korkusinski, M. & Hawrylak, P. 
Magnetism and Correlations in Fractionally Filled Degenerate Shells of 
Graphene Quantum Dots. Physical Review Letters 103(2009). 
18. Ritter, K.A. & Lyding, J.W. The influence of edge structure on the electronic 
properties of graphene quantum dots and nanoribbons. Nature Materials 8, 
235-242 (2009). 
19. Li, X.L., Wang, X.R., Zhang, L., Lee, S.W. & Dai, H.J. Chemically derived, 
ultrasmooth graphene nanoribbon semiconductors. Science 319, 1229-1232 
(2008). 
20. Wang, X.R. et al. Room-temperature all-semiconducting sub-10-nm graphene 
nanoribbon field-effect transistors. Physical Review Letters 100(2008). 
21. Pan, D.Y., Zhang, J.C., Li, Z. & Wu, M.H. Hydrothermal Route for Cutting 
Graphene Sheets into Blue-Luminescent Graphene Quantum Dots. Advanced 
Materials 22, 734-+ (2010). 
22. Li, L.S. & Yan, X. Colloidal Graphene Quantum Dots. Journal of Physical 
Chemistry Letters 1, 2572-2576 (2010). 
23. Cai, J.M. et al. Atomically precise bottom-up fabrication of graphene 
nanoribbons. Nature 466, 470-473 (2010). 
24. Ponomarenko, L.A. et al. Chaotic dirac billiard in graphene quantum dots. 
Science 320, 356-358 (2008). 
25. Bardeen, J. SURFACE STATES AND RECTIFICATION AT A METAL 
SEMI-CONDUCTOR CONTACT. Physical Review 71, 717-727 (1947). 
26. Koskinen, P., Malola, S. & Hakkinen, H. Evidence for graphene edges beyond 
zigzag and armchair. Physical Review B 80(2009). 




28. Stein, S.E. & Brown, R.L. PI-ELECTRON PROPERTIES OF LARGE 
CONDENSED POLYAROMATIC HYDROCARBONS. Journal of the 
American Chemical Society 109, 3721-3729 (1987). 
29. Kobayashi, K. ELECTRONIC-STRUCTURE OF A STEPPED GRAPHITE 
SURFACE. Physical Review B 48, 1757-1760 (1993). 
30. Nakada, K., Fujita, M., Dresselhaus, G. & Dresselhaus, M.S. Edge state in 
graphene ribbons: Nanometer size effect and edge shape dependence. Physical 
Review B 54, 17954-17961 (1996). 
31. Han, M.Y., Ozyilmaz, B., Zhang, Y.B. & Kim, P. Energy band-gap 
engineering of graphene nanoribbons. Physical Review Letters 98(2007). 
32. Stampfer, C. et al. Tunable Coulomb blockade in nanostructured graphene. 
Applied Physics Letters 92(2008). 
33. Bai, J.W., Duan, X.F. & Huang, Y. Rational Fabrication of Graphene 
Nanoribbons Using a Nanowire Etch Mask. Nano Letters 9, 2083-2087 
(2009). 
34. Holmes, J.D., Johnston, K.P., Doty, R.C. & Korgel, B.A. Control of thickness 
and orientation of solution-grown silicon nanowires. Science 287, 1471-1473 
(2000). 
35. Tapaszto, L., Dobrik, G., Lambin, P. & Biro, L.P. Tailoring the atomic 
structure of graphene nanoribbons by scanning tunnelling microscope 
lithography. Nature Nanotechnology 3, 397-401 (2008). 
36. Dobrik, G., Tapaszto, L., Nemes-Incze, P., Lambin, P. & Biro, L.P. 
Crystallographically oriented high resolution lithography of graphene 
nanoribbons by STM lithography. Physica Status Solidi B-Basic Solid State 
Physics 247, 896-902 (2010). 
37. Areshkin, D.A. & White, C.T. Building blocks for integrated graphene 
circuits. Nano Letters 7, 3253-3259 (2007). 
38. Yan, Q.M. et al. Intrinsic current-voltage characteristics of graphene 
nanoribbon transistors and effect of edge doping. Nano Letters 7, 1469-1473 
(2007). 
39. Cravotto, G. & Cintas, P. Sonication-Assisted Fabrication and Post-Synthetic 
Modifications of Graphene-Like Materials. Chem.-Eur. J. 16, 5246-5259 
(2010). 
40. Gourdon, A. On-surface covalent coupling in ultrahigh vacuum. Angewandte 
Chemie-International Edition 47, 6950-6953 (2008). 
29 
 
41. Otero, G. et al. Fullerenes from aromatic precursors by surface-catalysed 
cyclodehydrogenation. Nature 454, 865-U819 (2008). 
42. Boorum, M.M., Vasil'ev, Y.V., Drewello, T. & Scott, L.T. Groundwork for a 
rational synthesis of C-60: Cyclodehydrogenation of a C60H30 polyarene. 
Science 294, 828-831 (2001). 
43. Allen, M.J., Tung, V.C. & Kaner, R.B. Honeycomb Carbon: A Review of 
Graphene. Chemical Reviews 110, 132-145 (2010). 
44. Wu, J.S., Pisula, W. & Mullen, K. Graphenes as potential material for 
electronics. Chemical Reviews 107, 718-747 (2007). 
45. Berresheim, A.J., Muller, M. & Mullen, K. Polyphenylene nanostructures. 
Chemical Reviews 99, 1747-1785 (1999). 
46. Yan, X., Cui, X. & Li, L.S. Synthesis of Large, Stable Colloidal Graphene 
Quantum Dots with Tunable Size. Journal of the American Chemical Society 
132, 5944-+ (2010). 
47. Yan, X., Cui, X., Li, B.S. & Li, L.S. Large, Solution-Processable Graphene 
Quantum Dots as Light Absorbers for Photovoltaics. Nano Letters 10, 
1869-1873 (2010). 
48. Mueller, M.L., Yan, X., McGuire, J.A. & Li, L.S. Triplet States and Electronic 
Relaxation in Photoexcited Graphene Quantum Dots. Nano Letters 10, 
2679-2682 (2010). 
49. Tchebotareva, N. et al. Ordered architectures of a soluble 
Hexa-peri-hexabenzocoronene-pyrene dyad: Thermotropic bulk properties and 
nanoscale phase segregation at surfaces. Journal of the American Chemical 
Society 125, 9734-9739 (2003). 
50. Kosynkin, D.V. et al. Longitudinal unzipping of carbon nanotubes to form 
graphene nanoribbons. Nature 458, 872-U875 (2009). 
51. Jiao, L.Y., Zhang, L., Wang, X.R., Diankov, G. & Dai, H.J. Narrow graphene 
nanoribbons from carbon nanotubes. Nature 458, 877-880 (2009). 
52. Jiao, L.Y., Wang, X.R., Diankov, G., Wang, H.L. & Dai, H.J. Facile synthesis 
of high-quality graphene nanoribbons. Nature Nanotechnology 5, 321-325 
(2010). 
53. Gomez-Navarro, C. et al. Electronic transport properties of individual 




Chapter 2 Experimental methods 
In this chapter the experimental technologies applied in the studies of this thesis 
are introduced. The emphasis is placed on scanning tunneling microscopy (STM) and 
electron energy loss spectroscopy, whereas the supplementary Raman spectroscopy is 
only touched upon. In addition, a short brief of the experimental setup and sample 
preparation is also presented. 
 
2.1 Electron energy loss spectroscopy (EELS)  
In our study, EELS system with SEPCS GmbH Delta 0.5 spectrometer was used 
and operated at an ultra high vacuum (UHV) with a base pressure of 2 × 10-10 torr. 
The primary beam energy can be adjusted in the range of 0-250 eV to meet different 
study requirements. To investigate and resolve the phonons and adsorbate vibrations 
at surface, the primary electron energy is set in the range of 3-10 eV and the elastic 
signal must be well-tuned to achieve a monoenergetic electron beam for a higher 
resolution (4-8 meV). For electronic transitions, also surface plasmon with higher loss 
energies up to 50 eV can be measured in coarse scan mode and thus the incident 
electron energy has to exceed plasmon frequency studied. In this case, the resolution 
of spectra is scarified to obtain an acceptable detector signal.   
Fig. 2.1 shows the instrument of Delta 0.5 spectrometer. First, the electron beam 
is generated by a hot cathode made of a LaB6 filament with a sharpened tip. Cathode 
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potential and repeller define the electrons and focuses the beam into the entrance slit 
of the premonochromator. The electron beam will pass through two cylindrical 
monochromators, which will correct and narrow the beam for space charge effects. 
The primary electron can be accelerated and focused through a zoom lens system 
before entering the scattering chamber, thus obtaining a monoenergetic incoming 
electron beam with the desired energy (between 1-250 eV). After scattering from the 
sample surface, the reflected electrons are collected by an energy analyzer which has 
the same design as main monochromator. After passing the analyzer, the electrons are 
detected by an electron multiplier, Galileo 4830 U channeltron. Inelastic scattering of 
electrons will result in a change in the kinetic energy or momentum, which will give 








2.1.1 EELS measurements of surface plasmons  
Dynamical screening properties at surfaces influence large number of physical 
properties included the excitation and damping of surface phonons and plasmons as 
well as surface optical properties and photoelectric effect. In particular, collective 
electronic excitations at surface, so called surface plasmons, have attracted 
considerable attention and been studied for more than three decades. Generally, the 
study of surface plasmons is based on either inelastic scattering of electrons or optical 
methods. A grating or the attenuated total reflection is necessary to allow the coupling 
between surface plasmon field and electronmagnetic field using optical methods. 
Instead, electron beam in EELS system was applied to study surface plasmon 
dispersion due to its direct interaction with free electron gas via long range Coulomb 
force. High-energy EELS (keV) has advantages for the investigation of bulk 
properties due to the penetration of solid by the swift probing electrons.  
In contrast, low-energy electrons penetrate little into a crystal and are therefore 
ideally suited for surface investigations. Inelastic electron-surface interaction often 
occurs via dipole and impact scattering. Dipole scattering, so called Coulomb 
scattering, arises from the inelastic events mediated by the long-range Coulomb forces 
due to the oscillating electric charges. In this case, the energy loss of electrons can 
take place far away from the surface. Therefore, there are two possible loss paths that 
inelastic events can take place on the impinging trajectory which means loss before 
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reflection or occur on the way back toward the vacuum which means loss after 
reflection. Generally, these two processes coexist and interfere.1 
In dipole scattering theory, the probability that an incident electron is scattered 
from state k to k’ is the product of two terms:  
ܲሺ݇, ݇’ሻ  ൌ  ܣሺ݇, ݇’ሻIm݃ሺݍ, ߱ሻ, 
where A is a kinematic factor and ݃ሺݍ, ߱ሻ is the surface response function in terms 
of wave vector q and energy ԰߱ of the excitations. Therefore, the surface response 
function ݃ሺݍ, ߱ሻ in principle can be derived from the low-energy EELS spectrum.2,3 
The low-energy 2D collective excitations at surface can be obtained from the 
imaginary part of the surface response function1,4 ݃ሺݍ, ߱ሻ, defined as  
݃ሺݍ, ߱ሻ ൌ ׬݀ܚ ݊௜௡ௗሺ࢘, ߱ሻ ݁௤௭, 
where q is a 2D momentum parallel to the surface, and ݊݅݊݀ሺ࢘,߱ሻ is the charge 
density induced at the crystal surface by an external potential of the form 
௘ܸ௫௧ሺ࢘ᇱ, ߱ሻ ൌ െ ଶగ௤ ݁௤௭݁௜௤௥݁ି௜ఠ௧. 
In time-dependent density functional theory, ݊௜௡ௗሺ࢘, ߱ሻ and ௘ܸ௫௧ሺ࢘ᇱ, ߱ሻ are related 
by the equation 
݊௜௡ௗሺ࢘, ߱ሻ ൌ ׬݀࢘ᇱ݁௤௭߯ሺ࢘, ࢘ᇱ, ߱ሻ ௘ܸ௫௧ሺ࢘ᇱ, ߱ሻ, 
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where the imaginary part of non-local frequency-dependent density response function 
߯ሺ࢘, ࢘ᇱ, ߱ሻ is a peak in the recorded energy loss spectrum.1  
The wave vector q is determined experimentally from Eloss, ߠ௜ and ߠ௦ by applying 
the conservation laws for energy and momentum: 
ܧ௟௢௦௦ ൌ ܧ௜ െ ܧ௦ 
԰ݍ ൌ ݇௜ sin ߠ௜ െ ݇௦ sin ߠ௦, 
where ݇௜ and ݇௦ are the wavevector of the incident and of the scattered electron, 
respectively, so that: 
ݍ ൌ ඥଶ௠ா೔԰ ൫sin ߠ௜ െ ඥ1 െ ܧ௟௢௦௦ ܧ௜⁄ sin ߠ௦൯. 
The wave-vector dependent plasmon frequency, so called plasmon dispersion, can be 
measured by altering the angle of analyzer or the angel between incident electron 
beam and the sample plane as illustrated in Fig. 2.2  
 
Figure 2.2 Illustration of the calculation of wave vector q.   
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2.1.2 High resolution electron energy loss spectroscopy 
HREELS can be considered as a vibrational spectroscopic technique which 
provides definitive information of indentifying the surface species generated upon 
molecular adsorption or by surface reactions. As mentioned above, to resolve the 
phonons and adsorbate vibrations at surface, a well-defined electron beam with a 
lower energy (less than 10 eV) was commonly used to achieve a higher spectroscopic 
resolution. Similarly, an incoming electron beam is incident at the sample surface at a 
specific angle. Upon scattering from the surface, a substantial number of electrons are 
elastically scattered, which gives rise to a strong elastic peak in the spectrum. Partial 
electrons undergo discrete energy loss which is equal to the energy needed to excite 
the vibrational mode of the chemical bond. Thus, the vibration of a specific chemical 
bond can be investigated by monitoring the electron energy loss in the inelastic 
scattering process.5  
Dipoles scattering, impact scattering and resonance scattering were often 
involved to describe the interaction between probing electrons and surface adsorbates. 
In dipole scattering theory, only those vibrational modes which have an oscillating 
dipole perpendicular to the surfaces can be observed due to the fact that probing 
electrons interact with the oscillating dipole moments of the adsorbed species via 
long-range Coulomb forces. A small momentum transfer in this case renders the 
inelastic scattering is strongly peaked at specular direction. By contrast, inelastic 
electrons detected in an off-specular geometry lose energy to surface species by a 
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short-range impact scattering mechanism, which is mainly associated with the direct 
impact between adsorbate and incident electrons. This short-range interaction 
involving large momentum transfer allows all the vibrations observable in an 
off-specular geometry.6 Therefore, HREELS has a greater scope for investigating 
vibrational modes not normally accessible other vibrational spectroscopies such as 
Reflection-Absorption Infrared Spectroscopy (RAIRS) or Surface Enhanced Raman 
Spectroscopy (SERS). A temporary trapping of an electron in a negative ion state was 
involved in the resonance scattering mechanism which is also based on a short-range 
impact event.7 The resonance scattering results in the strong enhancement of 
excitation of fundamental and overtone vibrational modes and exhibits the probing 
electron energy dependence of certain vibrational modes.  
To summarize, the use of low energy electrons ensures that HREELS is a highly 
surface sensitive and specific technique. Meanwhile, HREELS spectra can be 
recorded in both the specular and off-specular modes by the rotation of the analyzer or 
sample geometry.  The interpretation of the changes in intensities of the energy loss 
peaks on the basis of the selection rules can provide a more definitive identification of 
the nature and geometry of the adsorbate species. Moreover, HREELS has a greater 
scope for investigating vibrational modes below 400 cm-1, where phonon of the 
substrate can be observed. However, the resolution of electron spectroscopy is 
generally poorer (FWHM 40-80cm-1) compared to other vibrational spectroscopy. 
Although the lower resolution may preclude the resolve the fine vibrational features in 
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some cases, unique information can be gathered for surface species using EELS in 
conjunction with symmetry selection rules.   
 
 
2.2 Scanning tunneling microscope 
2.2.1 The working principles of STM     
Invented in 1982 by Binning and Rohrer,8 the scanning tunneling microscope 
(STM)  has been proven to be one powerful local surface science technique.9 The 
basic principle relies on the controlled quantum mechanical electron tunneling 
through an energy barrier larger than its kinetic energy. With a tip-surface separation 
in the range of 5 – 10 Å, the sufficient overlap of wave functions of the tip and 
conductor surface allows the flow of a distance-dependent tunneling current with a 
bias voltage applied. The basic operation principle is sketched in Fig. 2.3. By moving 
the STM tip horizontally across the conducting substrate and measuring the tunneling 
current, the topography of the surface is acquired which is based on that the variation 
of current duplicates the height profile of the surface. Piezoelectric controlled scanner 
can expand and contract slightly depending on the external applied voltages, which 
allow STM be able to achieve the atomic resolution. Generally, STM is operated in a 
constant-current mode where a feedback loop adjusts the tip-substrate separation in 
order to maintain the current with a fixed value. This operation mode has such 
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advantages that soft material such as organic molecules can be imaged without 
destruction and large-scale images can be obtained without tip damages. 
 
 
Figure 2.3 Schematic view of working principle of STM.  
 
2.2.2 Theory of electron tunneling 
For a single electron tunneling from one electrode through an energy barrier to 
another electrode, the transmission probability of the electron decrease exponentially 
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with the thickness of the barrier, d in quantum mechanics. The potential energy of a 
vacuum barrier is related to the work functions of STM tip and conductor surfaces. 
With a nanometer scale tip-substrate separation, d and a small bias voltage V applied 
between two electrodes, a nonzero net tunneling current flowing through the energy 
barrier was determined using the following equation, 
ܫ ן ݁ିଶ఑ௗ;  ߢ ൌ ඥ2݉ሺ߶ െ ߝ௞ሻ ԰ ൎ⁄ ඥ2݉߶ ԰⁄ ,  
where ߶ is the averaged work function of both electrodes, ߝ௞ is electron kinetic 
energy, and m is electron mass.   
In the case of the practical electron tunneling, the tip and surface constitute a 
complex many-body system. So far, the Schrödinger equation involved in this model 
has not been solved exactly. Fortunately, typical tip-sample separations less than 1 nm 
give rise to a weak coupling between tip and surface states. Therefore, electron 
tunneling can be treated by first order perturbation theory.10,11 Based on Fermi’s 
golden rule and time-dependent perturbation theory12, the tunneling current can be 
expressed as 
ܫ ൌ െ ସగ௘԰ ׬ |ܯ|ଶߩ௧ሺߝሻ
଴
ି௘௏ ߩ௦ሺߝ ൅ ܸ݁ሻሾ݂ሺߝሻ െ ݂ሺߝ ൅ ܸ݁ሻሿ݀ߝ,  
where ߩ௧ and ߩ௦ refer to the density of states (DOS) of the tip and substrate and M is 
the tunneling matrix. The Fermi distribution of the electrons with energies away from 
the Fermi energy ሺߝ ൌ ܧ െ ܧிሻ is given by 
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݂ሺߝሻ ൌ 11 ൅ ݁ఌ ௞ಳ்⁄  
Therefore, the calculation of the matrix element becomes essential in the 
determination of the tunneling current. Normally, two electrodes in STM are 
considered as independent systems for the tunneling phenomena. The tunneling 
process could be properly approximated by equilibrium theory since the time scale 
between consecutive tunneling events is much longer than the relaxation time of the 
quasiparticle.13 within this approximation, the tunneling matrix M can be treated as 
the expectation value of the single-particle transition probability across the barrier and 
thus can be approximated as the exponential function as shown above. The tunneling 
current can be further reduced to the following equation if the tip electrode is chosen 
with a flat DOS near the EF which renders both ߩ௧ሺߝሻ and |ܯ|ଶ are constant. 
 ܫ ൌ െ ସగ௘԰ ݁ିଶ఑ௗߩ௧ሺ0ሻ ׬ ߩ௦ሺߝ ൅ ܸ݁ሻሾ݂ሺߝሻ െ ݂ሺߝ ൅ ܸ݁ሻሿ݀ߝ
଴
ି௘௏ . 
At low temperature, the tunneling current is proportional to the integral of the DOS of 
the sample since the Fermi function has a sharp cutoff at the Fermi energy. For a 
small sample bias voltage applied, where electron can elastically tunnel from the 
occupied state of tip to the empty state of the sample, the tunneling current represents 
the local charge DOS near to the Fermi level. With a fixed tip-substrate distance, the 
bias voltage dependent tunneling current provides spectral information of the sample 
electrode. By taking the derivative of I with respect to V, the dI/dV, tunneling 




ܸ݀ ሺܸሻ ൌ െ
4ߨ݁
԰ ݁




In addition to revealing the morphology of a sample, another important application of 
STM is to resolve the local density of states (LDOS) of the sample as a function of 
energy away from the EF. Under ideal condtions, dI/dV is a good measure of the 
sample LDOS, which is the foundation of scanning tunneling spectroscopy (STS). If 
dI/dV measurement is taken as a function of x, y position on the surface, it is 
equivalent to map the LDOS on the sample surface, which is a powerful technique for 
the studying of spatial dependent electronic structures, such as intrinsic 
inhomogeneity of the sample and extrinsic inhomegeneity induced by impurities or an 
external magnetic field.  
 
2.2.3 Aarhus STM 
   It is essential to ensure the positioning of the tip and sample within sub-Angstrom 
precision before utilizing the STM principle in real experiments. In the present 
studies, all experiments were carried out using the SPECS-built STM Aarhus 150 
designed by Erik Lægsgaard et al.14 Aarhus STM gains its fundamental stability from 
the smallest possible mechanical loop designed between sensor and surface using the 
miniaturized approach mechanism. Another key feature is that the in-situ cleaning and 
sharpening of the tip by ion beam bombardment avoids the tedious replacement of 
STM tip. The ion sputtering gun is directly faced the tip as shown in Fig. 2.4 for its 
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in-situ cleaning and sharpening. The clean sample was prepared in a separated 
chamber to avoid any contamination of STM in the main chamber. By adding a 
radiative filament using the high stability power supply, the STM 150 Aarhus allows 
the measurement of the substrates at temperatures from 77 K to 1300K, while the 
thermal drift can be suppressed using improved heat flow control.  
 
 






2.3 Raman Spectroscopy  
Raman scattering, one of the processes resulting from the interaction of radiation 
with matter, was discovered simultaneously by C. V. Raman and K. S. Krishnan in 
liquids15 and by G. S. Landsberg and L. I. Mandelstam in crystals (quartz) in 1928.16 
When a beam of monochromatic light is passed through a transparent substance, some 
energy scattering will occur. Elastic scattering with the same frequency as the incident 
light is dominating and this effect is known as Rayleigh scattering. Inelastic scattering 
with discrete frequencies above or below the incident frequency is due to the 
vibrational transitions in the substance, which is known as Raman scattering. Raman 
scattering occurs as an effect of the quantum theory of radiation. The incident photons 
with energy hν, where h is the Planck’s constant, can collide and interact with 
molecules or atoms in the substance. For perfectly elastic impact, the scattered light 
will have the same frequency as the incident radiation, while inelastic collision 
involves the incident photons undergo energy exchange with the species in the 
substance. In this case, the molecule can gain or lose amounts of energy 
corresponding to energy difference between its allowed states. If the molecule gains 
energy, so called Stokes scattering, the reflected radiation will be at a lower frequency 
than the incident radiation, which is the more dominant Raman effect since most 
molecules are at their ground state at room temperature. Conversely, if the molecule 
loses energy, the reflected light will be of a higher frequency than the incident light; 
which is known as anti-Stokes scattering.  
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2.4 Experimental procedures 
 
2.4.1 In-situ Surface Analysis UHV Systems 
    The surface analytical experiments were performed in ultra-high vacuum (UHV) 
chambers. The use of UHV is a prerequisite not only for the surface analysis 
instrumentation, but also for the study of the intrinsic behavior of graphene 
nanostructures on the metal surfaces. For both HREELS and STM UHV chamber 
systems, a preparation chamber is attached to the main chamber through a gate valve. 
All these chambers have a base pressure of less than 2×10-10 Torr achieved with the 
help of turbo-molecular and sputter-ion pumps. The dual-chamber system setup is to 
ensure the in-situ characterization right after sample surface preparation, without 
exposing the as-prepared sample to the atmosphere. The sample treatment methods 
that can be performed in the preparation chamber include e-beam heating, Ar+ 
sputtering and k-cell evaporation of molecules.  
 
2.4.2 Preparation of graphene nanostructures on Ru(0001) 
The Ru(0001) crystal was depleted of carbon impurities by repeated cycles of 
argon ion sputtering at room temperature p(Ar) = 510 -5 mbar, 1.0 keV, followed by 
annealing in an O2 pressure of 210-7 mbar at 1000 K, then flashing to 1600 K. The 
vacuum system is additionally equipped with Knudsen cells (MBE-Komponenten, 
Germany) for the evaporation of C60 housed in the preparation chamber. During 
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deposition the substrate was held at room temperature. The deposition rate of C60 was 
calibrated by counting the coverage of the large-scale STM images with coverage 
below 1 monolayer (one layer of fully covered C60). By controlling the coverage of 
C60 and annealing temperature and duration, graphene quantum dots with 
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Chapter 3 Plasmon Dispersion on Epitaxial Graphene 
studied by High Resolution Electron Energy Loss 
Spectroscopy   
 
3.1 Introduction 
Graphene, a two-dimensional (2-D) carbon atomic sheet connected in a 
honeycomb lattice has attracted significant attention both theoretically and 
experimentally because of its unique electronic structure, high carrier mobilities and 
quantum relativistic phenomena.1-3 2-D graphene exhibits a linear energy dispersion 
near K, K´ points of the Brillouin zone for the electron and hole bands which meet at a 
single symmetry point. This is markedly different to the conventional 2D 
semiconductor systems which show a quadratic dependence.4 Conceptually, useful 
insights have been obtained by comparing the plasmon behavior of thin carbon 
nanotubes to that of graphene sheets, especially, in the tube radius → ∞ limit where 
the plasmon responses of single sheet graphene and single wall carbon nanotube 
converge.5,6 Moreover, it is instructive to consider how the interlayer interaction 
affects the graphitic dielectric response. As the interlayer separation increases, the 
energy loss function can be viewed as the plasmon behavior evolution from multilayer 
graphene to single layer graphene.7,8 
HREELS and EELS spectra have been collected on the graphitized surface of 
SiC (0001) by several groups.9-12 For example, T. Angot et al.9 reported that the π 
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plasmon dispersion of the graphite layer grown on 6H-SiC (0001) was similar to the 
dispersion relation measured on highly oriented pyrolitic graphite in the energy range 
of 6～7 eV. Recently, Liu et al.10 studied the dispersion of low energy sheet plasmon 
(0.2～2 eV) on single layer EG. However, the plasmon dispersion has not been 
considered as a function of the evolution of the thickness of EG. Here, we performed 
high resolution Electron Energy Loss measurements on EG to study how the plasmon 
behaviors as well as the intensity of the FK phonon of SiC and loss continuum varies 
with the thickness of the EG. HREELS, which involves the scattering of grazing 
incidence and low energy electron from the surface, has much higher surface 
sensitivity compared to transmission EELS and optical absorption experiments.13 We 
select epitaxially grown graphene (EG) on SiC (0001) for study in this work because 
the layer thickness, as well as crystallinity of the epitaxial graphene, can be controlled 
readily by in-situ annealing. By measuring the angular distribution of the inelastically 
scattered electrons, the momentum space dispersion of plasmons and non-optical 
interband transitions (q > 0) can be recorded. From the q dependence of the loss 
function, the features arising from localized or delocalized electronic states can be 
distinguished directly.14   
 
3.2 Experimental section 
All the measurements were performed using a HREELS spectrometer (SPECS 
Delta 0.5) mounted in an ultrahigh vacuum (2×10−10 Torr base pressure). The energy 
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resolution of the elastic peak was set at 10-15 meV to maximize the signal-to-noise 
ratio at the spectral regions corresponding to the plasmon loss. With a fixed angle of 
incidence Θi=53o with respect to the surface normal, we calculated q//, the parallel 
momentum transfer to graphene plane from kinematic expression (1). Where Ei is 
incident electron energy, Eloss is the measured loss energy and Θs is the different 
scattering angle. The momentum slit resolution is in the range of 0.03-0.06 Å−1 
 
    (1) 
 
EG graphene sample was prepared on a Si-terminated 6H-SiC (0001) crystalline 
wafer surface by solid-state graphitization.12,15 First, annealing the silicon-enriched 
SiC sample at 1100 °C produced a carbon-rich surface layer, referred to the literature 
as the carbon nanomesh.16,17 After annealing at 1200 °C or higher, monolayer (1200 
oC, 2 min), bilayer (1250 °C, 2 min), 3-4 layers (above 1300 °C, 2 min) EG films 
form on top of carbon nanomesh. The epitaxial graphene thickness was independently 
verified by low-temperature scanning tunneling microscopy (LT-STM) .15 
 
3.3 Results and discussion 
3.3.1 Thickness-dependent plasmon frequency of epitaxial graphene 
Fig. 3.1 shows π and σ + π plasmon for graphene layers with different thickness, 
recorded under identical conditions with the momentum transfer parallel to surface (q 
q// = 
√2mEi
ħ ( sinΘi - )√1-Eloss/Ei  sinΘs
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= 0.1 Å−1). As shown, the frequencies of the two collective excitation modes shift to 
higher energies with simultaneous broadening of the peak as the thickness of the EG 
layers increases. Here, the π and σ + π plasmons are presented separately for 
comparison. In Fig. 3.1(a), the plasmon spectra taken at q = 0.1 Å−1 show that the π 
mode, at 5.1 eV in single EG, shifts to 5.6 eV for the bilayer and 6.3 eV for 3-4 layers 
EG. The frequency of the π mode for single layer EG agrees with the previous EELS 
data of SWCNT and free-standing graphene film.5,6 The 6.3 eV loss peak for the 3-4 
layer G, which is close to the π plasmon energy of graphite,5,8,18 indicates the 
graphite-like nature of multilayer EG. Accompanying the blue shift, the peak width 
broadens with increasing number of graphene layers. The width of energy loss peak 
for the 3-4 layer EG is 1.71 eV, ～ 2 times the value of single layer EG (0.94 eV). 
The σ + π mode shown in the Fig. 3.1(b) shifts from 14.5 eV in the single layer EG to 
26 eV in 3-4 layer EG. The width of the σ + π loss energy peak also becomes broader 
as the thickness of the epitaxial graphene increases, similar to that of π mode. The π 
plasmon of 3-4 layer EG contains the out-of-plane loss peak (4.6 eV for free standing 
multilayer graphene sheets), which is forbidden in single layer EG. In addition, the 
in-plane mode does not occur for single layer EG or bilayer EG with AB stacking.5 
For σ + π mode, the analysis of the plasmon behavior of carbon nanotube provides 
good reference.19 The intensity of the out-of-plane mode becomes weaker as the 
graphene sheet become thinner. Thus, the lower σ + π plasmon energy centered at 
14.5 eV for single layer EG (similar to SWCNT) can be described as a limiting case 
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when the out-of-plane mode vanishes and only the in-plane mode remains. The broad 
plasmon peak width in multilayer EG can be explained by responses contributed from 
both the out-of-plane and in-plane excitations of graphitic origin. The presence of 
vertical decay channels in multilayer EG causes additional damping of the plasmons, 











































Figure 3.1 π plasmon (a) peak after background subtraction and the solid line 
represents a Gaussian fit to the peak and σ + π plasmon (b) (i) Single layer EG; (ii) 
bilayer EG; (ii) 3-4 layer EG. Incident electron energy Ei = 110 eV, incident angle Θi 
= 53 oC) 
 
 
3.3.2 Thickness dependent plasmon dispersion of epitaxial graphene  
Fig. 3.2 displays the k-space positive dispersion of π plasmon energies for 
graphene of different thickness. It can be seen that single layer graphene exhibits a 
linear dispersion of the π plasmon energies, as opposed to parabolic dispersion for 3-4 































layer graphene. A series of EELS spectra of π plasmons for single layer EG recorded 
at different scattering angles is shown in Fig. 3.2(a). The loss peak can be seen to 
move to higher loss energy with increasing parallel momentum transfer. From the q 
dependence of the loss function, it is judged that the dispersive response belongs to a 
plasma oscillation of delocalized states propagating along the graphene sheet plane. 
The π plasmon for single layer EG disperses strongly from 5.1 eV at q = 0.1 Å−1 to 6.7 
eV at q = 0.4 Å−1. The extrapolation of the corresponding π plasmon position to the 
optical limit (q→0) predicts the values to be around 4.82 eV, which agrees with the 
previous data of SWCNT21 and our experimental result shown in Fig. 3.3. At q→0, 
the energy loss peak measured at 4.80 eV matches well with UV adsorption peak at 
4.78 eV. Furthermore, linear dispersion of the π plasmon in single layer EG up to 0.4 
Å−1 was observed. The plasmon dispersion in the small q limit is predicted to be 
quadratic in q in the case of the interacting electron gas, namely, Epl(q) = Epl(0) + 
αħ2/mq2 , where Epl is the q-dependent plasmon energy and α the dispersion 
coefficient. The experimental result in Fig. 3.2(d) shows the parabolic dispersion in 
3-4 layers EG is similar to the π plasmon dispersion for graphite. The linear 
dispersion of single layer EG may originate from the linear dispersion of “Dirac 
electron” in graphene. Although the features observed (4-8 eV) are outside the energy 
range of the linear cone, previous calculation by Kramberger6 reveals that the linear π 
plasmon dispersion along the vertically aligned SWCNT axis is related to the unique 
band structure of graphene near the K point. The EELS spectrum can be interpreted as 
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a sum of independent transitions from occupied bands to unoccupied bands which are 
directly related to the band structure within the bare random phase approximation 
(RPA). In the bare loss function, the strong structure due to transitions within the 
“Dirac cone” displays the linear dispersion up to 4.0 eV from the K point at 0.5 eV, 
while the energy loss peak arising from the transitions near the edge of Brillouin Zone 
shows quadratic dispersion. Upon the inclusion of crystal local field effects (LFE), the 
formerly quadratic dispersion was transformed into a near linear dispersion as the 
plasmon response corrected by considerable contributions from vertical transitions in 
the Dirac cone. Therefore, the almost linear dispersion for single layer graphene can 
be explained by a superposition of the dispersion of the main structure in the bare 
RPA loss functions, including that resulting from the “Dirac cone”. 
Similar dispersion trend towards higher energy with increasing parallel 
momentum transfer is observed for single layer as well as few layer EG shown in Fig 
3.2 (b) and Fig 3.2(c). The energy-loss peak at small q recorded on single and few 
layers EG presents an obvious tail on the high-energy loss side. The asymmetry of the 
loss peak may be due either to the excitation of the bulk plasmon or the electron-hole 
pairs. Even in the q→0 case, the plasmon sustains a small degree of damping in 
contrast to the case of the homogenous electron gas where a finite q in needed for the 
onset of the electron hole pair excitation region. 
The dispersion for EG with thickness less than 5 layers is positive over the 
momentum range investigated (0-0.4 Å−1), which is different from surface plasmon 
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dispersion for metals such as Ag and Hg. From the dielectric response of graphite, 
with increasing q, the main trend of the line shape of Im(εM) is a progressive shift of 
the oscillator strength to higher energies.8 This behavior is accompanied by a 
weakening of the electron screening as evidenced by the reduced magnitude of Re(εM). 
These observed changes of εM(q) as a function of q have important consequences on 
the energy loss function and the plasmon dispersion. With increasing q, the 
frequencies of both valence plasmons as well as their effective widths increase. The 
positive dispersion also can be interpreted by referring to the semimetallic band 
structure of graphene and graphite. For a single layer graphene, the symmetry group 
leads to a degeneracy of the π bands at the K point. The Fermi level intersects the π 
band at the K point, leading to a very small density of states (DOS) at EF but sharp 
rise in the DOS above and below EF. For a finite parallel momentum transfer q// ≠ 0, 
the allowed transitions in K space are no longer vertical, which can be represented by 
shifting the bands below EF rigidly by q.22,23Thus, the transitions in the energy below 
the critical Energy (Ec) is forbidden, whereas only the energy transition above the Ec 
is allowed. The whole interband transition would lead to a redshift of the plasmon 
energy at q//. With increasing q//, (Ec increasing) the band of allowed interband 
transitions therefore shifts away from the plasmon energy, resulting in a smaller 
influence on the plasmon energy. Thus, the π plasmon energy is expected to converge 
to the value determined by free carrier density, giving rise to the positive dispersion, 






Figure 3.2. Measured loss function of (a) single layer EG, (b) bilayer EG, (c) 3-4 layer 
EG from q = 0.05 Å−1 (bottom) to 0.4 Å−1 (top) and the dispersion curve for the 
corresponding EG sample shown in (d), respectively: (i) single layer EG, (ii) bilayer 










Figure 3.3 The UV absorption of solution processed graphene (inset) and EELS 




3.3.3 Graphene Thickness dependent intensity of F-K phonon  
The unique band structure and density of state of graphene is also reflected in the 
low energy loss range (0～2 eV) shown in Fig. 3.4. The intensity of Fuches-Kliewer 
(FK) phonons of SiC decreases as the graphene thickness increases. An intense loss 
continuum is observed in single, bilayer and 3-4 layer EG. The main peak at 117 meV 
corresponds to the first Fuches-Kliewer (FK) phonon that is typical for the SiC (0001) 
surface.11 The second FK phonon peak at 231 meV and third FK phonon peak at 343 
meV are clearly resolved before the growth of thicker graphene layers. As the first 
layer graphene grows on top of the SiC, the intensity of the first FK phonon decreases 
and the double and triple excitation of FK phonon merge with the energy loss of 
electron-hole excitation or low energy sheet plasmon.10 The loss continuum for 
graphene is highly intense compared to SiC (0001). Due to the unique band structure 
and zero band gap of graphene, vertical electronic transitions from zero energy 
upwards is allowed without parallel momentum transfer for small energy excitations 
in the specular direction, giving rise to the intense loss continuum. Such transitions 
are forbidden in semiconductors, insulators and metals. The intensity of loss 
continuum in 3-4 layers EG is higher than that of single layer and bilayer EG, this 
may be due to the three dimensional band structure of graphite which allows for 





Figure 3.4. EELS spectra collected in specular direction (Ei=10 eV, incident angle 
Θi=53o) for EG with different thickness: (a) single layer EG, (b) bilayer EG (c) 3-4 
layer EG;  The right plot shows the FK phonons of SiC(0001). 
 
 
3.4 Conclusion  
In summary, we have measured the wave vector dependence of plasmon 
dispersion on epitaxially grown graphene on SiC. A number of intriguing differences 
are observed in the plasmon loss energies for graphene of different thickness. The 
linear and positive dispersion of π plasmon in single layer EG reflects the linear 
dispersion of band structure near the K point in contrast to parabolic dispersion in 
multilayer EG. In the lower energy loss region, the intensity of the FK phonon and 
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loss continuum also provides fingerprint profiling of the thickness of the graphene 
layers. Therefore, we demonstrate that HREELS measurement can be used as a 
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Chapter 4 Distinguishing the plasmon modes of monolayer and 
bilayer graphene using HREELS 
 
4.1 Introduction 
Collective electronic excitations play an important role in a wide spectrum of 
dynamical processes such as electronic and optical transitions in the solid.1-3 Similar 
to the water waves, low-energy acoustic plasmon4-6 where the energy decreases 
continuously to zero at q→0, can be excited with any energy and has been proven to 
exist on some metal surfaces with special surface states.4 In classic free electron 
system, higher energy optical plasmon has a non-zero energy at q→0 as the interband 
transitions measured in optical adsorption.6-8 In addition, surfaces plasmon behaviors 
in the graphite and carbon nanotubes have been investigated quite extensively in the 
past and interpreted using dielectric theory.7,9-13Conceptually, useful insights could be 
obtained by comparing the plasmon behavior of single-walled carbon nanotubes 
(SWCNT) to that of monolayer graphene sheet. The previous studies of the plasmon 
on graphite surfaces can be applied to multi-layer graphene. Band structure was often 
invoked to describe the behaviors of surface plasmon.7In particular, the low-frequency 
collective excitations would directly reflect the characteristics of electronic band 
structure near the Fermi level (EF).9,14 The linear energy dispersion of Dirac electrons 
results in the observed linear dispersion of optical π plasmon in SWCNT and single 
65 
 
layer graphene7,8. For the parabolic band structure, it often leads to a parabolic 
dispersion optical plasmon. Meanwhile, the particular 2-D parabolic surface states 
also allow the observation of acoustic plasmon. Therefore, the remarkable differences 
in the band structures of monolayer and bilayer graphene motivate us to investigate 
and compare the behaviors of surface plasmon in these systems.  
HREELS has been demonstrated as a sensitive tool to study surface plasmon on 
metal or graphitized surfaces. The basic principle relies on the long-range Coulomb 
interactions between electrons. After the probing electrons interact with the electron 
“sea” on the surface, some inelastically scattered electrons loose an amount of energy 
that corresponds to the energy needed to excite a plasmon wave. Using HREELS or 
EELS, graphitized surfaces of SiC(0001) were investigated by several groups.9,10,11,12 
For example, Angot et al.9 reported that the optical π plasmon dispersion of the 
graphite layer grown on 6H-SiC(0001) was similar to the dispersion relation 
measured on highly oriented pyrolitic graphite in the energy range of 6～7 eV. 
Recently, Liu et al.10 studied the dispersion of low-energy 2D plasmon (or sheet 
plasmon 0.2～2 eV) on single layer EG. However, the previous studies focused on 
either low-energy 2D or higher-energy optical π plasmon (5-7 eV) on graphitized 
surfaces. The plasmon behaviors have not been systematically studied in the range of 
0～25 eV, including low-energy 2D, optical π and σ + π plasmon, as a function of the 
thickness of graphene. 
66 
 
Here, a systematical investigation of the surface plasmon behaviors of epitaxial 
monolayer and bilayer graphene was carried out on epitaxial graphene prepared on 
SiC(0001) using HREELS. 
4.2 Experimental Section 
All the measurements were performed at room temperature using a high resolution 
electron-energy-loss spectrometer HREELS (SPECS Delta 0.5) mounted in an 
ultrahigh vacuum (2×10−10 Torr base pressure), with a setting of medium energy 
resolution of 10-15 meV. The scattering geometry and incident energy was carefully 
optimized to distinguish fine structure in q space and also yield enough signal strength 
at large off-specular scattering. The momentum slit resolution is in the range of 
0.03-0.06 Å-1. The STM employed was a SPECS STM 150 Aarhus. Bilayer graphene 
sample was prepared on a Si-terminated 6H-SiC (0001) crystalline wafer surface by 
solid-state graphitization with the fine pre-established parameters15. The sample 
quality was further characterized by Raman (not shown here), HREELS and STM. 
Figure 4.1 shows that the prepared bilayer sample is highly crystalline, it has low 
defect and impurity (Fig. 4.1a) and exhibits the typical triangular lattice for bilayer 












Figure 4.1 STM image of bilayer graphene (a) larger area shows less defect and 
impurity (Scare bar: 10 nm). Inset is the HREELS spectrum of π plasmon frequency 
measured at q = 0.1 Å-1 (b) High-resolution STM image showing the triangular lattice 
in  bilayer graphene (Scare bar: 1 nm). Tunneling parameters: (a) V = 1.2 V, I = 0.1 
nA: (b) V = 15 mV, I = 0.25 nA. 
 
4.3 Results and discussion 
Theoretically, the fundamental many-body formula of dynamical dielectric 
function, ߳ሺݍ, ߱ሻ, defines the collective plasmon mode in an electron system16-18: 
߳ሺݍ, ߱ሻ ൌ 1 െ ݒሺݍሻમሺݍ,ωሻ 
Where the Coulomb interaction between electrons in the wave vector space is 
ݒሺݍሻ ൌ 2ߨ݁ଶ/ߢݍ and મሺݍ,ωሻ represents the irreducible polarizability. By solving 
the zeros of the real part of the dielectric function, and with the corresponding 

















imaginary part representing the damping rate of the plasmon modes, the well-known 
2-D plasmon frequency in a classical 2D EG system can be obtained19: 
߱ଶௗ ൌ ට ସగ௡௘
మ
௠כሺଵାఢబሻ ݍ
ଵ/ଶ ൅ ܱሺݍଷ/ଶሻ. 
 
4.3.1 Low-energy 2D plasmon dispersion and damping for the bilayer graphene  
Fig. 4.2a shows typical angle resolved EELS spectra of low-energy 2D plasmon 
on bilayer graphene for positive q, momentum transfer parallel to the surface 
(calculation of q shown in inset of Fig. 4.2a). A broad peak is observed to disperse as 
a function of q with another non-dispersing loss peak at 118 meV which originates 
from the Fuchs-Kliewer optical (FK) phonon (inset of Fig. 4.2b) of SiC substrate8. 
This experimentally determined dispersion of the energy loss peak was measured up 
to 2 eV (Fig. 2a). The low-energy 2D plasmon dispersion behavior is shown in Fig. 
2b. The distribution of SPEs due to intraband and interband transition of 2D EG is 
also plotted with the parameters from previous study20-22. The dispersion loses its 
continuity and jumps at q around 0.05 Å-1 which was attributed to 2D plasmon and 
FK phonons coupling20. In the long wavelength limit (q→0), the plasmon has 
approximately the same q1/2 dispersion as that for a classical 2D EG system. The 
cutoff at entering SPE continuum is also observed like the damping of plasmon 















Figure 4.2 (a) low-energy 2D plasmon loss peaks of bilayer graphene dispersing as a 
function of wave vector q. The incident electron beam energy is 29 eV with a fixed 





Figure 4.2 (b) 2D plasmon dispersion curve. Two shades are single-particle 
excitations (SPEs) continuum due to intraband and interband transition. The dashed 
curves corresponding to q1/2 dispersion of free 2D electron gas with the same electron 
density. Inset: the sheet plasmon dispersion at low q region and where the splitting of 
loss energy peak due to plasmon-phonon coupling is observed  
 
In the 0.05 < q < 0.2 Å-1 region, the 2D plasmon of bilayer graphene shows a 
linear dispersion behavior (Fig. 4.2b). The linear dispersion is distinguished from the 
q1/2 dispersion for an ideal 2D EG system in the local-field approximation. A recent 
discovery on Be(0001) metal surface,4 a so-called acoustic surface plasmon also 
shows a linear dispersion with  
߱ଶ஽ ൌ ߙݒிݍ, 
where coefficient α depends on the electron density of substrate and distance between 
2D sheet and substrate. This linear dispersion originates from partially occupied 
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quasi-2D surface states, where the occupied part is nearly parabolic at the center of 
Brillouin Zone (BZ) and coexists with the underlying 3D continuum. The Be(0001) 
surface with a high νF is favorable for the experimental observation of the acoustic 
surface plasmon because of the new collective excitation up to relatively high 
energies of more than 1 eV.4 
In our case, the epitaxial bilayer graphene has a similar structure in the form of a 
strictly 2D sheet floating atop a doped, semimetallic graphene layer, with a high νF 
about two to three orders of magnitude lower than the speed of light. Due to strong 
interlayer coupling and stacking sequences, both the conduction band and the valence 
band in the bilayer split into two bands with the parabolic dispersion of π bands near 
the Fermi surface.22,23 Therefore, the low-energy 2D plasmon in the free of coupling 
region (0.05 < q < 0.2 Å-1) displays a similar acoustic behavior as that observed in 



















Figure 4.3 Two-dimeonsional plasmon linewidth plotted as function of q for bilayer 
graphene. The inset: relatively intensity ratio between 2D plasmon and π plasmon as a 
function of wave-vector q.  
 
The dispersing 2D plasmon mode in bilayer graphene shows an increasing 
lifetime broadening with increasing finite q, as shown in Fig. 4.3. In principle, 
contribution to the damping of the plasmon could arise from various mechanisms, 
such as phonon scattering and electron-hole pair excitations.24 Because of the 





















these even include small wave vectors which consist of the plasmon decay channel in 
single layer and bilayer graphene. The observed damping has no relevance to phonon 
scattering since the line width was temperature-independent. Neither can it be simply 
attributed to impurity scattering nor impurity-assisted processes since hardly any 
defect and impurity are observed in our bilayer graphene sample from the STM 
images. Therefore, the damping mechanism here is most possibly due to decay into 
electron-hole pairs as discussed above or decay via interlayer Coulomb collision and 
electron-electron scattering. Previously, a nearly linear increase of 2D plasmon 
damping was reported in single layer graphene.21 However, the slope of damping 
curve decreases in the q > 0.1 Å-1 region which causes the curve to deviate from linear 
increase for bilayer graphene in our measurement, which possibly indicates a reduced 
influence of interlayer decay channels in the large q region. A similar trend was also 
observed for π plasmon damping compared with that of single layer graphene, as 
shown in Fig. 4.4b.   
 
 
4.3.2 Optical π plasmon dispersion and damping for the bilayer graphene 
Fig. 4.4a shows π plasmon dispersion of bilayer graphene. Previously, we have 
observed a distinct π plasmon dispersion behavior among single layer, bilayer and 3-4 
layer graphene.8 The linear dispersion of π plasmon is attributed to the mixing of 
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electronic transitions caused by local field effects, which includes transitions within 
the linear band dispersion of “Dirac cone”. The π plasmon of bilayer graphene 
displays an intermediate behavior different from parabolic and linear plasmon 
dispersion of graphite and single layer graphene, respectively. The width of plasmon 
is seen to rise monotonically with increasing q for single (linear slope: 2.6) and 
bilayer graphene (linear slope: 2.2), this trend is also obeyed for graphite interpreted 
from its dielectric response function. However, the plasmon frequency and line width 
tends to converge in larger q region. Besides the decay via electron-hole pairs when 
bilayer graphene is perturbed by a probing electron, the effective potential Veff(q, ω) is 
the sum of the external potential and the induced potential from screening charges on 
two laye6,16,17. Therefore, the existence of neighboring layers provides vertical decay 
channels, which modifies the band structure and results in a more diffuse shape for 
the loss spectrum. The Coulomb coupling of the π-electron oscillations in two layers 
could also greatly enhance the plasmon frequency.6 It was theoretically proven that 
there is a regime in which q is sufficiently large to confine coulomb interaction (ν ∝ 
q-2) in the long range, which involves the contributions of neighboring layer to one 
layer.7 It was also expected that electronic screening effects from neighboring layer 
would be small at atomic length scale (large q). Therefore, the influence of 
neighboring sheets could be suppressed in large q in bilayer graphene which results in 
the convergence of linewidth of low-energy 2D plasmon and optical π plasmon 






Figure 4.4 (a) π plasmon loss peaks of bilayer graphene dispersing as a function of 
wave vector q from q = 0.082 Å−1 (bottom) to 0.361Å−1 (top). The incident electron 
beam energy is 110 eV with a fixed incident electron beam angle at 53o (b) π plasmon 
damping (full width at half maximum of loss peak) plotted as a function of 





4.3.3 Optical σ+π plasmon dispersion for the bilayer graphene 
The blue shift of the σ + π plasmon in bilayer graphene compared to that of single 
layer was observed in our measurement was also found for free-standing graphene 
films.25 One possible reason is the increase in the amplitude of a surface plasmon 
relative to the bulk plasmon as the number of graphene layer is reduced. The blue 
shift is also interpreted as arising from the increase in electron density in the bilayer 
(ωp～√n), due to contribution from underlying graphene layer. Previously, Stéphan11 
et al. reported that tangential and radial surface plasmon modes are indentified in thin 
MWNTs, while radical mode vanishes and only tangential mode remains in 
SWCNTs. Recently, the shift of the σ + π plasmon energies with the number of layers 
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in carbon nanotube wall was observed by Upton et al.12 From the dispersion curve, 
the σ + π plasmon split into two distinct modes clearly resolved at 16.5 ± 0.2 and 18.5 
± 0.2 eV at slightly larger momentum transfers in our experiment. The feature at 16.5 
eV is nondispersive and assigned to the localized response as a spatially confined 
plasmon mode perpendicular to the graphene sheets plane. The dispersive mode at 
higher energy belongs to in-plane mode corresponding to collective excitation of all 
valence electrons polarized along the sheet plane. Such a splitting of plasmons into 
in-plane and out-of-plane modes is due to interlayer Coulomb coupling and a change 
in the strength of the electronic screening. The dielectric response of bilaye graphene 
should differ from that of single layer sheet as a consequence of the van der Waals 
interaction between graphene layers.11 By measuring the plasmon dispersion, it shows 
that the out-of-plane excitations are sensitive to interlayer coupling, this shifts the 





Figure 4.5 measured loss function of the σ + π plasmon of bilayer graphene as a 
function of wave vector q from q=0.11 Å−1 (bottom) to 0.55Å−1 (top). The incident 
electron beam energy is 110 eV with a fixed incident electron beam angle at 53o. 










Table 4.1 The summary of distinguishable fingerprints derived from the HREELS 












0.9 eV at q = 0.1 Å-1 
Non-linear dispersion (Ref21) 
Linear damping (Ref21) 
 
5.1 eV at q = 0.1 Å-1 
FWHM: 0.9 eV at q = 0.1 
Å-1 
Damping slope: 2.6 
 






1.25 eV at q = 0.1 Å-1 
Linear dispersion: 0.05 < q < 0.2 Å-1 
Non-linear damping  
 
5.6 eV at q = 0.1 Å-1 
FWHM: 1.2 eV at q = 0.1 
Å-1 
Damping slope: 2.2 
 
17 eV at q = 0.1 Å-1 




4.4 Conclusion  
In summary, we have studied the q-dependent low-energy 2D and optical 
plasmons dispersion and damping on monolayer and bilayer epitaxial graphene using 
HREELS. The peculiarities of the π bands near the Fermi surface as well as interlayer 
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Coulomb coupling and electronic screening in bilayer graphene are believed to result 
in the deviations of the plasmons behavior from that of single layer graphene. Based 
on a series of distinguishable fingerprints as summarized in Table 4.1, we demonstrate 
that the plasmon modes ona monolayer and bilayer graphene are sufficiently unique 
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Chapter 5 One pot synthesis of fluorescent carbon 
nanoribbons, nanoparticles and graphene by the 
exfoliation of graphite in ionic liquids 
 
5.1 Introduction  
Luminescent semiconductor quantum dots have been widely used in biology and 
medicine for bio-labeling and bio-imaging applications.1 However, the known toxicity 
and potential environmental hazard of these inorganic nanomaterials limit their 
widespread use and in vivo applications in humans. Fluorescent carbon-based 
nanomaterals including nanotubes,2,3 fullerenes4 and nanoparticles,5,6 with its well 
known biocompatibility, may be a more suitable alternative for in vivo bio-labeling. 
Recently, zero-dimension fluorescent carbon nanoparticles with relatively high 
quantum yield have attracted intense interests. These carbon nanoparticles have been 
produced by the laser ablation of graphite,5,6 by electrochemical route,7,8 or by the 
chemical oxidation of candle soot.9 Although the preparation methods are diverse, the 
basic mechanism involves the exfoliation of carbon from graphitic source and its 
dissolution as particles. From the perspective of synthesis, it is desirable to identify a 
unified approach which can be applied for preparing a diverse range of carbon 
nanomaterials, i.e. nanotubes, nanoribbons, graphene sheets, nanoparticles. However, 
the development of facile and practical processing methods still remains a challenging 
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issue. Herein, our search for a unifying approach in the diversity-oriented synthesis of 
carbon nanomaterials leads us to the use of ionic liquids for the electrochemical 
exfoliation of graphite. 
Ionic liquids (ILs) have been proposed as “green” alternatives to conventional 
solvents10,11 because of its unique properties like negligible vapor pressure, thermal 
stabilities, wide electrochemical potential window, low viscosity, good ion 
conductivity and recyclability. These properties render ILs a very useful medium for 
liquid/liquid extraction, electrochemistry, chemical syntheses and catalysis.12,13 The 
high dielectric constant of ILs provides shielding for the stacking interactions caused 
by van der Waals interaction and helps to disperse these nanomaterials effectively. 
The marriage between ILs and carbon nanotube form a gel-like composite called 
“bucky gel”,14 these designer materials show great versatility for applications in 
capacitors, sensors and actuators. Recently, Liu. et al. demonstrated the exfoliation of 
graphene sheets from graphite anode in ionic liquid.15 This approach is promising 
because generating exfoliated graphene sheets directly from graphite will circumvent 
the problem of low conductivity faced by graphene films chemically reduced from 
graphene oxide derivatives. Graphene oxide-derived materials possess a high density 
of defects which have deleterious effects on the carrier mobility.16  
However the detailed mechanism of the exfoliation was not investigated in Liu’s 
work. Water is often the main impurity in the ILs and we suspect that water plays a 
very important role in controlling the shape of the exfoliated products. In the course 
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of investigating the role of water in the exfoliation mechanism, we discovered that a 
diverse range of nanostructured carbon materials can be generated by controlling the 
ratio of water to ILs in the electrolyte. In addition to the graphene sheets, 
water-soluble fluorescent carbon nanoparticles and nanoribbons could be generated 
during the exfoliation. By tuning the water content and type of counter ions in the ILs, 
the fluorescence, as well as the distribution of the nanomaterial, can be tuned. This 
method of nanomaterial preparation is highly versatile and industrially scalable. 
5.2 Experimental section 
All other chemicals were purchased from Sigma-Aldrich and used directly 
without further purification. High-purity graphite rods and highly oriented pyrolytic 
graphite (HOPG) with 1 cm   1 cm  1 mm were purchased from the SPI Co.Ltd, 
The graphite rod and HOPG were inserted as anode into the ionic liquids (ILs)/water 
solution, placed parallel to the Pt wire as counter electrode with a separation of 2 cm. 
In our experiment, the ionic liquids 1-methyl-3-butylimidazolium tetrafluoroborate 
(or 1-methyl-3-butylimidazolium chloride) were mixed with water with different 
ratios. Static potentials of 1.5-15 V were applied to the two electrodes using a DC 
power supply. The exfoliation products were washed with water and ethanol until the 
pH was neutral and the products were separated by filter and ultracentrifugation at 
15000 rmp (23400 g) at 20 oC. Transmission electron microscopy (TEM) 
measurements were conducted with a JEOL JEM-3010 microscope at an acceleration 
voltage of 300 kV. SEM images were obtained on JEOL 6701 FESEM (field emission 
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scanning electron microscopy) at 30 kV. X-ray photoelectron spectroscopy (XPS) was 
performed with the Phobios 100 electron analyzer equipped 5 channeltrons, using an 
unmonochromated Mg K X-ray source (1253.6 eV). The UV-vis absorption and 
photoluminescence spectra were recorded on a Shimadzu UV 2450PC 
spectrophotometer and Perkin Elmer LS 55 luminescence spectrometer, respectively. 
The Raman spectra were recorded by a Renishaw inVis Microscope Raman 
spectrometer with an argon-ion laser at an excitation wavelength of 514 nm. All the 
measurements were taken at room temperature without specially mention. 
 
5.3 Results and discussion 
5.3.1 Exfoliation chemistry 
According to the proposed mechanism by Liu15, the positively charged 
imidazolium ion is reduced at the cathode to form the imidazolium free radical17 
which can insert into the  bonds of the graphene plane. At the fundamental level, 
there are several questionable aspects about the radical-insertion mechanism proposed 
by Liu15, especially when the ILs are mixed with water at 1:1 ratio and where an 
operational voltage as high as 15 volts is applied. When we carried out the 
experiments using twin graphite electrodes, we observed that the exfoliation of the 
graphite occurs only at the anode and the graphite cathode is intact throughout the 
course of the experiment. If the imidazolium radicals were generated at the cathode, 
the cathode should be attacked by the radicals and became exfoliated, but this did not 
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happen. Typically, the voltages applied in these electrochemical experiments 
exceeded the rather narrow electrochemical potential window of water. This results 
inevitably in the generation of hydroxyl and oxygen radicals from the dissociation of 
water. Even at 10% water content, sufficient quantities of these radicals can attack the 
anode to result in its sacrificial corrosion during the electrochemical reactions. 
Intrigued by these questions, we used a water-miscible ionic liquid 
1-butyl-3-methylimidazolium tetrafluoroborate [BMIm][BF4] and mixed it with water 
at different fractions to be used as electrolyte for the electrochemical exfoliation of 
graphite. The viscosity and conductivity of the ionic liquids (ILs) is affected 
significantly by the presence of water, its major impurity. In ILs, there is a complex 
interplay of forces such as coulombic, van der Waals, hydrogen bonding and - 
interactions which control its solvation and internal order. The addition of water 
within the ionic liquids disrupts the internal organization and modifies the liquid 
structure by forming new hydrogen-bonded network. This decreases the cohesive 
energy and lowers the viscosity of the ILs.15,18 
The effect of water on the electrochemical properties of IL can be investigated 
using cyclic voltammetry (CV) as shown Fig. 5.1. It is observed that the 
electrochemical potential window of the ILs:water mixture narrows with the addition 
of water, decreasing dramatically from 4.2 V at 0% wt. H2O to 2.8 V in 10 wt% H2O 
and finally to 2.2 V at 90 wt% H2O. Parallel with the narrowing of the electrochemical 
potential window as well as the lowering of the electrolyte resistance with increasing 
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water content, the onset of exfoliation is observed to occur at lower activation 
voltages. For example, in 90 wt% water:[BMIm][BF4]electrolyte, the exfoliation can 
be activated at 1.5-2.0 V. This potential has to be increased to 2.5-3 V in the case of 60 
wt % and 7-8 V in the case of 10 wt %. We can infer that the trend of decreasing 
activation voltages with increasing water content is correlated to the smaller 
overpotential required for the electrochemical oxidation of water. As such, hydroxyl 
radicals released from the oxidation of water may play an important role in the first 
stage of exfoliation. 
 
 
Figure 5.1 Cyclic voltammograms recorded in (a) neat [BMIm][BF4] (b)10 wt% H2O 
(c) 60 wt% H2O (d) 90 wt% H2O using a 50 μm Pt disc electrode(scan rate 100 mV/s)  
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The various stages in the electrochemical exfoliation, which reflect the time 
evolution in the dynamic process of electrochemical oxidation, intercalation and 
expansion of the graphite anode, are typified by the sequential images of the 
electrochemical cell shown in Fig. 5.2. In stage I, there is an induction period before 
visible signs of exfoliation can be detected. The color of the electrolyte changed from 
colorless to yellow and then dark brown. In stage II, a visible expansion of the 
graphite anode can be seen. In stage III, the expanded flakes peel off from the anodes 
and form the black slurry with the electrolyte. The intensity of the coloration varied 
for ILs with different water content. A more concentrated ILs electrolyte will develop 
a darker coloration faster, as opposed to lighter coloration for a more diluted ILs 
electrolyte. Some precipitation could be found at the bottom between stages II to III. 
The demarcation of these stages is significant because different products are 
exfoliated from the graphite anode when the electrolyte assumed a specific color. The 
products from the different stages were recovered and purified to have its structure 






Figure 5.2 Time evolution of IL electrolyte and HOPG anode during exfoliation in 60 
wt% water/[BMIm][BF4] electrolyte. Stages of (I), (II), (III) are shown 
correspondingly in (b), (c) and (d). Heavily expanded HOPG is obtained in (f).  
In stage I, 8-10 nm sized, hexagonal-shaped, water-soluble, fluorescent carbon 
nanocrystals were produced, as shown in Figure 5.3 (a). High Resolution-TEM image 
in Figure 2(b) revealed that these have a lattice spacing of 0.21-0.25 nm which is 
comparable to the (100) facet of graphite. In stage II, the predominant products are 
fluorescent nanoribbons measuring 10 nm  (60 ± 20) nm as well as graphene 
nanosheets (200  500 nm). From TEM images in Figure 5.3(c) and (d), the carbon 
nanoribbons exfoliated from anode have a lattice distance of 0.34 to 0.36 nm which is 
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close to the lattice distance of graphite 002 planes, and these nanoribbons have flat 
rectangular edges. Ultrathin graphene sheets can also be obtained, as shown in Figure 


















Figure 5.3 TEM images of carbon nanoparticles (a) and (b); carbon nanoribbons (c) 







Scheme 5.1 Illustration of the exfoliation process showing the attack of the graphite 
edge planes by hydroxyl and oxygen radicals, which facilitate the intercalation of BF4- 
anion. The dissolution of hydroxylated carbon nanoparticles gives rise to the 
fluorescent carbon nanoparticles. Oxidative cleavage of the expanded graphite 
produces graphene nanoribbons. 
The mechanism of the exfoliation could be deduced from the sequences of the 
appearance of the exfoliated products, and which we further confirmed by studying 
the effects on the exfoliated products by changing the counter ion and magnitude of 
voltages applied. The time evolution of the exfoliation process is illustrated in scheme 
5.1, and summarized as follows: 
(1) Anodic oxidation of water produced oxygen and hydroxyl radicals.  
    
                                                                                
The hydroxylation or oxidation of graphite by these radicals results in the dissolution 
of fluorescent carbon nanocrystals from the anode. The corrosion process occurs 
 






initially at edge sites, grain boundaries or defect sites, and takes place before the 
expansion of the graphite electrode. 
(2) The oxidation of the edge planes opens up the edge sheets, facilitating 
intercalation by the anionic BF4-, which leads to the depolarization and 
expansion of the graphite anode.19,20 
(3)  Oxidative cleavage of the expanded graphene sheets generates graphene 
nanoribbons.  
(4) Some expanded sheets precipitate as graphene sheets. 
The electrochemical reactions involve the interplay of the BF4- anion from the ILs, as 





Scheme 5.2 The interplay of (1) anodic oxidation of water as well as (2) intercalation 
of BF4- anions, controlled the shape of the exfoliated products  
Tuning the composition of the ILs:H2O affects the exfoliation mechanism and 
changes the shape and size distribution of the exfoliated products. BF4- ion has a 
higher oxidation potential than water,22 thus water will be sacrificially oxidized at the 
Graphite (Cx)
BF4- H2O CxOH + HBF4
H2O
Cx +2H2O     Cx-1COOH  + CO2 + 3H+ + 3e-
H2O             2H+ + 2e- + ½ O2 
Cx +2H2O     Cx-1 + CO2   + 4H+ + 4e-
(2)
(1)
Cx + H2O      Cx-1OH  + H+ + e-
Cx +  BF4- BF4Cx + e-
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anode to generate hydroxyl and oxygen radicals. BF4- plays the role of intercalator in 
the graphite planes. Two limiting cases can be highlighted: 
(1) Increasing the ILs:water ratio increases the proportion of BF4- ion to water, 
this facilitates the intercalation process by BF4- and the expansion of graphene anode. 
The heavily expanded graphite is more susceptible to oxidative cleavage to form 
nanoribbons. 
(2) Increasing the water:ILs content results in larger concentration of OH and O 
radicals, these species oxidize the graphite anode and results in its dissolution as 
hydroxylated carbon particles. 
According to the above mechanism, the O and OH radicals derived from the 
anodic oxidation of water plays the role of an electrochemical “scissors” in its 
oxidative cleavage reaction. An “unzipping” mechanism has been invoked to explain 
the cutting of carbon nanotubes and graphene, where the strain induced by the 
formation of oxygenated groups such as epoxy encouraged further oxidative attack 
and cleavage.23  
The interplay of water and ILs anion in controlling the types of products 
generated in the exfoliation can be illustrated by changing the counter ion in the ILs to 
one that has a lower oxidation potential than water, such that this counter ion becomes 
preferentially anodically oxidized. In this case, even in water-rich ILs, the products 
are predominantly influenced by the action of the ILs anion. The IL 
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1-methyl-3-butylimidazolium chloride ([BMIm]Cl) has the same cation and but 
different anion in the form of Cl-. At 90 wt% water content, the major products 
obtained in the exfoliation are now carbon nanoribbons, as opposed to carbon 
nanocrystals when BF4- is the anion. The products obtained were also less oxidized. 
This is due to the lower overpotential for the oxidation of Cl-. In ionic liquid, the 
two-step oxidation of Cl- anion results in the formation of Cl3 anion.13 The Cl3 anion 
plays the role of the anion intercalator, which leads to the ready expansion of the 
graphite electrode and its oxidative cleavage. The TEM images of carbon nanoribbons 
are shown in Figure 5.4. It can be seen that the nanoribbons are surrounded by an 
adventitious layer of ILs, these could be readily removed by ion exchange. The 
HR-TEM image in Figure 5.4b reveals that the carbon nanoribbons have similar 
lattice constant as that of graphite. 
 
 
Figure 5.4 TEM images of carbon nanoribbons produced by electrochemical 
exfoliation using 90 wt% water/[BMIm]Cl electrolyte. 
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The exfoliation experiment was also carried out in pure ionic liquid [BMIm][BF4] 
which had been extensively bubbled with argon to remove dissolved oxygen. Higher 
activation voltages of 6-8 V are needed to initiate the exfoliation. Similar to 
exfoliation process as shown in Figure 5.2, the color of electrolyte changes from light 
yellow, brown, dark brown to black. The electrolyte becomes highly viscous after 
some time. A ‘bucky gel” can be recovered from the bottom of the tube after the 
mixture is centrifuged at 15000 rmp to remove excess ionic liquid, as shown in Figure 
5.5(a). These gels can be extruded to form a paste useful for the modification of 
electrodes to enhance conductivity and sensing (Figure 5.5c). Figure 5.5(d) and (e) 
show the nanoparticles and graphnene sheets isolated from the bucky gel. X-ray 
Photoelectron Spectroscopy (XPS) analysis reveals that the graphene sheets are 
functionalized with the ILs, the latter may interact with the π-electronic surface of the 
graphene sheets by cation–π and/or π–π interactions. The supernatant is found to 





Figure 5.5 (a)“Bucky” gel produced by electrochemical exfoliation in pure ionic 
liquid [BMIm][BF4]. (b) The supernatant contains ILs-functionalized carbon 
nanoparticle (ILCN) that emits in the blue. (c) Extrusion of the bucky gel; (d) and (f) 
TEM images showing ILCN found in the supernatant; (e) carbon nanosheets found in 
bucky gel. 
     Fluorescent nanomaterials are abundant in the supernatant containing the 
soluble exfoliates. Figure 5.6 illustrate the ease of generation and recovery of these 
fluorescent nanomaterials. We began by dipping a graphite rod into the ionic liquid 
mixture together with a Pt counter electrode and applied DC voltage for 240 minutes. 
The pictures show the dissolution of carbon nanomaterials into the ILs electrolyte, 
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and the expansion of the graphite rod. The expanded graphite rod can be removed 
from the ILs and dip into pure DMF for 2 minutes, and upon illumination with UV 
light, strong fluorescence from the DMF solution can be seen. TEM analysis of the 
solution finds abundant nanoribbons and nanoparticles in the solution and separation 
of these products reveals that both materials are fluorescent (refer optical 
characterization section). Very importantly, bulk quantities of fluorescent carbon 
nanomaterials can be recovered by this method. A rough estimate revealed a yield of 








Figure 5.6 Graphite rod exfoliated in IL-BF4/water (40:60) mixture electrolyte:  
(a) -(b) Color change of the electrolyte solution with the corrosion of the graphite rod; 
(c) The expanded graphite rod is immersed into DMF after washing with acetone; 
(d) The expanded portion of the anodic graphite rod exfoliates in DMF;  
(e)-(f)The supernatant solution emits blue fluorescence upon irradiation with 254 nm 
UV light;   
(g) Bulk quantities of oxidized carbon nanoparticles (6-8 nm) can be recovered;  
(h) Carbon nanoparticles can be dispersed in water. 
 
5.3.2 Analysis of the exfoliated products 
X-ray Photoelectron Spectroscopy (XPS) was used to monitor the composition of 
the exfoliated products after rigorous purification of the products and multiple 
washing. As shown in the XPS survey scan in Figure 5.7(a), no trace of ILs can be 
detected in the exfoliated nanosheets, nanoparticles or nanoribbons when the 
electrolyte contains less than 10% by weight of water. The absence of peaks 
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corresponding to B (1s: 188 eV), F(1s: 685.7 eV) and N(1s: 399 eV), which will be 
expected if the ILs is linked to the exfoliated products, proves that the intercalated 
BF4- anions are readily displaced during washing. The main modification appears to 
be oxidation. With increasing water content in the ILs, XPS analysis reveals the 
growth of a chemically shifted component attributable to C-O, C=O, COOH as shown 
in Figure 5.7(c). This proves that the oxidative dissolution of the graphite electrode is 
related to the presence of water. The oxidation imparts water solubility on the 
nanoribbons and nanoparticles, and also influences the optical properties of the 












Figure 5.7 XPS spectra of products generated by electrochemical exfoliation in 
electrolyte with water content (a) more than 10 wt%; (b) less than 10 wt%; (c) C 1s 
spectrum of oxidized carbon nanomaterials.  
























































    Figure 5.8 shows the XPS C 1s of the various exfoliated carbon nanomaterials 
generated in ILs mixed with water at different ratios. It is very clear that higher water 
content results in a greater degree of oxidation. For ILs mixed with the same amount 
of water but differing in the type of counter ions, e.g. BF4- versus -Cl3, it is found that 
using Cl3 anion results in a lesser degree of oxidation of the carbon, due to the lower 
oxidation potential of Cl- to form Cl3 anion compared to water. Thus the anodic 







Figure 5.8 XPS C 1s spectra of (a) graphene precipitates, and soluble graphene 
produced by electrochemical exfoliation in (b) 10 wt% [BMIm]Cl (c) 40 wt% 
[BMIm][BF4] (d) 10 wt% [BMIm] [BF4].   
    The functionalization of the graphene sheets by ILs occurred only when 
concentrated ILs with less than 10% water is used as the electrolyte. The presence of 
the imidazolium moiety as well as the BF4- counter ion can be seen clearly in the XPS 
survey scan in Figure 5.7(b) as well as the high resolution spectra in Figure 5.9. A 
well-defined peak at 400.2 eV can be assigned to the N 1s of the imidazolium ion. 




the BF4- anion. The origin of these peaks is due to a tenaciously bound ILs coat 



































Figure 5.9 XPS spectra of graphene sheets exfoliated in concentrated ILs with less 
than 10%wt water. The presence of N 1s, B 1s and F 1s evidenced the 
functionalization of the graphene sheets by ILs. The top picture shows various 
possibilities of attachment of IL to graphene, via covalent or non-covalent 
interactions. 




































    Raman spectroscopy was applied to evaluate the crystalline quality of the 
exfoliated materials. The Raman spectrum in Figure 5.10 was collected from 
exfoliated graphene sheets which were spin coated on silicon oxide-coated silicon 
wafers. The major Raman features, common to all chemically processed graphene 
samples, are the D band at 1361 cm-1, G band at 1580 cm-1 and 2D band at 2683 
cm-1.24,25 The D band is related to the presence of sp3 defects. The G band is related to 
the in-plane vibration of sp2 carbon atoms which is a doubly degenerate (TO and LO) 
phonon mode (E2g symmetry) at the Brillouin zone center. The presence of a sharp 
and symmetric 2D band which originates from a two phonon double resonance 
Raman process is used as a fingerprint to identify single or bilayer graphene. The 
Raman data proves that the thin imidazolium-decorated graphene sheets have 
significantly lower density of defects compared to exfoliated nanomaterials based on 
its relatively weak D band and its sharp 2D band (FWHM 70 cm-1). In contrast, the 
exfoliated carbon nanoribbons and nanocrystals have a high density of defects as 
judged from the stronger D peak in the Raman spectrum in Figure 5.10(c). The 
exfoliation of these products involves oxidation process at the graphite anode, the 
decoration of the surfaces of these materials by oxygen groups gives rise to surface 
defects. As the D band is related to edge defects,26 the relative increase of the D band 
in the exfoliated carbon nanoribbons and nanocrystals can also be explained by the 
increased proportions of surface defects as well as the larger surface-to-volume ratio 





Figure 5.10 Raman spectra of (a) graphene precipitates; (b) ILs-functionlized 
graphene in DMF; (c) oxidized carbon nanoribbons and carbon nanoparticles. The 







5.3.3 Optical properties of carbon nanoribbons and carbon nanoparticles  
The UV-Vis absorption (ABS) and photoluminescence spectra (PL) obtained for 
carbon nanoribbons (10 nm  60 ±20 nm) and carbon nanoparticles (8-10 nm) are 
shown in the Figure 5.11. As shown in Figure 5.11 a, the PL of carbon nanoribbon is 
distinct from that of the carbon nanoparticles. Its peak at 395 nm (3.13 eV) is red 
shifted from the PL peak of the carbon nanoparticles at 364 nm (3.40 eV). The PL 
spectra of the carbon nanoparticles are generally broad and dependent on excitation 
wavelengths, which can be explained by the size heterogeneity and distribution of 
different emissive sites on the carbon nanoparticles. 
Figure 5.12 shows that both the UV adsorption band as well as PL peak shifts 
towards the blue as the water content in the IL increases. In terms of the size of the 
particle, this trend is opposite to what one would expect from quantum confinement 
effects. The carbon nanoparticles obtained in pure ILs are 2-4 nm in diameters and 
emit near 440 nm (Figure 5.5(d)). The larger sized (8-10 nm) carbon nanoparticles 
obtained by exfoliation in water-rich ILs emits at 364 nm (3.40 eV). This indicates 
that chemical composition, rather than size, is the major factor controlling the 
emission. XPS analysis revealed that exfoliated particles obtained under water-rich 
conditions were oxidized, hence these particles resemble graphene oxide. It can be 
expected that oxidation produced a disruption of the π network and open a direct 





Figure 5.11 UV-Vis absorption and photoluminescence (PL) spectra (inset figure) 
obtained for 8-10 nm carbon nanoparticles (red curve) and carbon nanoribbons (blue 





Figure 5.12 UV adsorption and PL peak of carbon nanoparticles (inset) 
electrochemical exfoliated using ILs electrolytes containing different water content. 
The emission spectra were excited using 260 nm light. (a) blue curve: 10wt% Water 
(b) black curve: 60 wt% water (c) pink curve:90 wt% water. A blue shift of the 
emission is apparent with higher wt% of water in the electrolyte. 
The exfoliated carbon nanoparticles produced in water-poor ILs (water content 
<10%) have strongly photoluminescence property with a quantum yield of 2.8-5.2%. 
These carbon nanoparticles are functionalized by IL. The emission window is wide, 
and extends from 400 nm to 600 nm. (Figure 5.13). The photoluminescence from 
these carbon nanoparticles may be attributed to the presence of surface energy traps 
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that become emissive upon stabilization as a result of the surface passivation by ILs. 
The functionalization by ILs moieties improves the dispersion of the nanoparticles 
and diminishes the quenching effects due to interparticles interaction.29 
 
 
Figure 5.13 The fluorescence emission spectra (Inset: normalized spectra) of 
ILs-functionalized carbon nanoparticle plotted as a function of excitation wavelengths 








We have developed a unified one-pot electrochemistry method to prepare 
fluorescent carbon nanoribbons, nanoparticles and graphene sheets from the 
exfoliation graphite electrode. The mechanism of the exfoliation is due to a complex 
interplay of anodic oxidation of water and anionic intercalation from the ionic liquid. 
Using ILs with high water content (>10% water) as the electrolyte, water-soluble, 
oxidized carbon nanomaterials are generated. In the case of electrolyte using 
concentrated ILs (<10% water), ILs-functionalized carbon nanomaterials are 
generated instead. For the first time, we demonstrated that carbon nanoribbons could 
be produced directly from graphite by the concerted action of anionic intercalation 
and oxidative cleavage. The chemical composition and surface passivation of the 
exfoliated carbon nanoparticles can be controlled by changing the water:ILs ratio in 
the electrolyte, thus allowing the fluorescence from the exfoliated nanoparticles to be 
tuned from the ultraviolet to visible regions. It is clear that this method allows upward 
scalability in terms of the production of bulk quantities of fluorescent and 
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Chapter 6 Transforming C60 molecules into Graphene Quantum 
Dots 
 
6.1 Introduction  
Graphene has generated an explosion of interests in the research community owing to 
its unique electronic, thermal and mechanical properties, which makes it a highly 
promising material for nanoelectronics in the post-CMOS era1-7. Graphene field-effect 
transistors can be scaled to shorter channel lengths and higher speeds without 
encountering the adverse short channel effects that restrict the performance of existing 
devices8. Although the vertical scaling of the device can be addressed at the ultimate 
limit due to the atomic thickness of graphene, the problem of lateral scaling is not 
trivial and requires involved top-down lithographical approaches. Currently, top-down 
lithographical, solution-phase chemical methods and surface-assisted coupling and 
cyclodehydrogenation of linear polyphenylenes have been applied to produce 
graphene nanoribbons (GNRs)4,7,9 and graphene quantum dots (GQDs)-based 
materials4,6,7,10,11. Band gap engineering can be implemented in GNRs and GQDs 
owing to quantum confinement6,11 and edge effects9, which is useful for realizing the 
potential of graphene as a transistor. To date, a majority of the solution-phase methods 
produce irregularly-sized and shaped graphene sheets due to the intrinsic randomness 
in the defect-mediated exfoliation or cutting process of the precursor graphitic flakes. 
To produce highly regular graphene nanostructures, a fabrication process that is 
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driven by thermodynamics, as in crystal growth, should be more suitable than 
defect-mediated fragmentation processes. 
    In principle, graphene and fullerenes are inter-convertible. Inspired by the 
surface-catalyzed cyclodehydrogenation of polyaromatic precursors to form fullerenes 
and the direct transformation of graphene to fullerenes12,13, we believe that 
atomically-precise GQDs can be generated from the metal-catalyzed cage opening of 
fullerene. The idea is simple: every fullerene molecule has the same size and shape, so 
the fragmentation of fullerene, if carried out under well-controlled conditions, should 
produce uniformly-sized GQDs. Carbon nanotubes, onions and graphitic domains 
have been generated from the optical heating of functionalized fullerenes14 and the 
decomposition of fullerenes on the metal surfaces15,16. However, to date, the opening 
of the fullerene cage to form GQDs has not been reported. Moreover, the 
fragmentation mechanism of fullerene on metal surfaces is not well understood. 
Depending on the diffusion rate of the C60 fragments on the surface, these may either 
combine rapidly on the surfaces to form large graphitic sheets, or may be confined on 
surface defects to form featureless clusters. A narrow temperature or coverage 
window may exist where the inter-particle diffusion length favors the growth of 
GQDs with geometric uniformity. Herein, we demonstrate a mechanistic approach to 
synthesize a series of atomically-defined GQDs by the metal-catalyzed cage-opening 





6.2 Experimental section 
The experiments were performed in an ultrahigh vacuum (UHV) chamber at a base 
pressure of 210-10 mbar. The STM employed is a SPECS STM 150 Aarhus unit. In 
addition to STM topographic images, the STS data are an arithmetic average of values 
measured at 50-70 different points (depends on GQDs size) over the GQDs surface. 
The Ru(0001) crystal was depleted of carbon impurities by repeated cycles of argon 
ion sputtering at room temperature p(Ar) = 510 -5 mbar, 1.0 KeV, followed by 
annealing in an O2 pressure of 210-7 mbar at 1000 K, then flashing to 1600 K. The 
vacuum system is additionally equipped with Knudsen cells (MBE-Komponenten, 
Germany) for the evaporation of C60 housed in the preparation chamber. During 
deposition the substrate was held at room temperature. The deposition rate of C60 was 
calibrated by counting the coverage of the large-scale STM images with coverage 
below 1 monolayer (one layer of fully covered C60).  
 
Simulation part: Spin-polarized simulations based on density-functional theory were 
conducted using the SIESTA code17. The local density approximation for the 
exchange-correlation functional by Ceperley and Alder was used18. We employed 
Troullier-Martins pseudopotentials19. In the case of Ru, relativistic and non-linear core 
corrections were added. Double-ζ plus polarization localized basis orbitals were used, 
with the C (2s, 2p) and Ru (4d, 5s) electrons treated as valence. The C60 molecule was 
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modeled on a 5-layer Ru slab (Fig. 6.4) model with a 16.08 × 13.93 × 26.44 Å3 
supercell and a 3 × 3 × 1 Monkhorst-Pack sampling scheme. STM image simulations 
were conducted under the simplifying assumptions of the Tersoff-Hamann theorem20, 
which states that STM images may be modeled by the calculation of the local density 
of states (LDOS) around the Fermi level of the surface of interest.    
 
6.3 Results and discussion 
6.3.1 Transferring fullerene into graphene quantum dots  
It is known that a graphitic carbon layer can be derived from the surface-catalyzed 
decomposition of C60 adlayers on reactive transition metals. Fig. 6.1 illustrates the 
transformation of a high coverage of C60 (Θ > 0.7 monolayer (ML)) to a single layer 
of graphene covering the Ru (0001) surface after annealing the sample at 1200 K for 5 
minutes. Within the coverage of 0.2 ML < Θ < 0.7 ML C60, the short diffusion 
distance between the fragmented molecules favors the aggregation of these carbon 
clusters, which will result in the growth of larger-sized and irregular-shaped graphene 
nanoislands (Fig. 6.2). In order to grow GQDs, either the inter-particle diffusion 
length must be sufficiently long (the mean distance between the C60s: 15 ± 3 nm) or 
the inter-particle diffusion velocity must be sufficiently low to limit diffusional 
aggregation of the decomposed C60 fragments. By controlling these factors, GQDs 
with well-defined geometrical shapes can be assembled from the carbon clusters 









Figure 6.1(a-d) Experimental STM topography results: (a) 1.2 ML C60 films deposited 
on the Ru (0001) surface (b) The hexagonal Moiré pattern of atomically flat graphene 
after annealing 1.2 ML C60 films at 1200 K; Fourier transforms (inset) of the image 
show 6-fold symmetry. (c) High-resolution image of the Moiré superstructure of the 
graphene layer. (d) Magnified view of the moiré maxima, showing a honeycomb 
lattice structure. Tunneling parameters: (a) V = 1.25 V, I = 0.1 nA; (b) V = 1.2 V, I = 











Figure 6.2 (a) STM images of C60 fragments formed by the decomposition of 0.5 ML 
C60 at 675-700 K. (b), typical large sized graphene nanoislands formed after annealing 
the sample above 800 K. Tunneling parameters:  (a) V = 1.25 V, I = 0.2 nA; (b) V = 
1.25 V, I = 0.1 nA. 
 
Fig. 6.3 shows the temperature-dependent generation of GQDs following the 
annealing of the Ru surface with a low coverage of 0.08 ML C60. Triangular GQDs 
with a (15 ± 1) % yield (apparent lateral size: 2.7 nm) were produced following a 1 
minute annealing at 725 K (Fig. 1a, b). We also observed parallelogram-shaped (2.7 × 
4.2 nm) (Fig. 6.3c), trapezoid-shaped (2.7 × 4.8 nm) (Fig. 6.3d) and hexagon-shaped 
(10 nm) (Fig. 6.3f) GQDs, but these have lower yield compared to the smaller 
hexagonal mushroom-shaped dots (MD) (0.9 nm) on the surface (inset of Fig. 6.3a). 
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Further annealing of the sample at 825 K for 1 minute produced 5 nm-sized perfect 
hexagonal GQDs which have a (30 ± 2) % yield (Fig. 6.3e), while those small-sized 
(< 5 nm) carbon clusters and GQDs disappear. Although some GQDs synthesized here 
do contain point defects which affect the periodic Moiré pattern of graphene on the 




Figure 6.3 STM images of GQDs observed by decomposition of 0.08 ML C60 on 
Ru(0001). a, 0.08 ML C60/Ru sample after annealing at 725 K for 2 min. Inset: 
magnified view of MDs. (b-d) Magnified view of the triangular (2.7 nm), 
parallelogram-shaped (2.7 × 4.2 nm), trapezoid-shaped (2.7 × 4.8 nm) GQDs, Inset of 
c, Line contour taken across the green line in Fig. 1b. e,f Hexagon-shaped GQDs (5 
nm and 10 nm) obtained after further annealing the sample at 825 K for 2 min. g, The 
representative local STS data for differential conductance, dI/dV, of these GQDs 
shown in Fig. 6.3. I: b; II: c; III: e; IV: f; V: giant monolayer graphene on Ru(0001). 
Tunneling parameters: (a, e) V = 0.5 V, I = 0.1 nA; V = 0.3 V, I = 0.2 nA for the inset 







    It is expected that size confinement and associated edge effects of these 2D 
nanostructures will give rise to different electronic properties from that of bulk 
materials. Atomically-resolved topography reveals that the 2.7 nm GQDs with zigzag 
edges have a 2.5 Å triangular lattice structures (“3-for-6”) (inset of Fig. 6.3c) in both 
the moiré valley regions (center area in Fig. 6.3b) and maxima regions (circled area of 
Fig. 6.3b), which is unlike the large-size graphene sheets where the hexagonal 
honeycomb lattice pattern is present for the Moiré maxima regions only21-23 (Fig. 6.1). 
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The lattice mismatch between graphene and substrate gives rise to the characteristic 
Moiré-type pattern. The vertical buckling of the graphene in the STM data22 gives rise 
a 0.8 Å difference in the apparent height between the bright parts and the dark region 
under 0.3 V sample bias. The corrugation between bright and dark region is also 
dependent on the sample bias applied, which means the electronic effects in this 
system result in stronger corrugation than the actual geometric roughness of the 
graphene layer. The carbon atoms in the valley region interact strongly with the Ru 
substrate, and thus the sublattice symmetry of graphene is broken. Hence only the 
atoms of one particular sublattice are imaged by STM. In the area where the graphene 
is buckled and not interacting with the substrate (circled area of Fig. 6.3b), triangular 
GQD exhibits a “3-for-6” image; this possibly has other origins like the presence of 
topological frustration24 which results in the appearance of spin states near the Fermi 
level that are localized on one particular sublattice of the GQDs (Fig. 6.4), or arising 














Figure 6.4 STM simulations a 2.7 nm quantum dot with H termination (a) and without 
H termination (b) at 0.3 eV below the Fermi level. 
 
The “3-for-6” lattice pattern for monolayer GQDs is identical to the triangular 
symmetry observed in bilayer graphene and graphite26. Various reasons have been 
invoked to explain the “ 3-for-6” pattern, including local strain effect27, or 
edge-induced quantum interference25. For large graphene sheets adsorbed on the 
Ru(0001) surface, the symmetry of the two C atoms in the bipartite lattice is broken 
because they are located on different sites on the Ru(0001) substrate. Hence, only the 
atoms of one particular sublattice are imaged by STM. In the area where the graphene 
is buckled and not interacting with the substrate, the 6-fold symmetry of the lattice is 
restored and both C atoms are imaged (Fig. 6.1). To address why the “3-for-6” pattern 
is observed in the buckled regions of the triangular GQDs where there is no 
interaction with the Ru substrate, the local density of states of a 2.7 nm triangular 
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GQD with H or without H on the edge, similar to the one we observed experimentally, 
is calculated. Triangular GQDs exhibit the “3-for-6” image even without the influence 
of the substrate (Fig. 6.4) because of the topological frustration of the -bonds due to 
the finite size of the GQD. This topological frustration results in the appearance of 
spin states near the Fermi level that are localized on one particular sublattice of the 
GQD24. Hence, the local density of states of only one particular sublattice is imaged 
under STM and this result in the “3-for-6” image. The dangling bonds at the edges of 
the GQD are partially quenched by interactions with the Ru substrate. This bonding 
situation is likely to be between the case of a GQD fully terminated by H, and the case 
where the GQD is not terminated by H at all. In either of these situations, however, 
the “3-for-6” image is still seen, as our results show.  
 
6.3.3 Size dependent bandgap of graphene quantum dots 
The correlation between the electronic properties of the GQDs with their atomic 
structure and lateral size was investigated using spatially resolved STS. The effect of 
the zigzag and armchair edges on the electronic properties can be excluded because 
the GQDs here have uniform zigzag edges. The size-dependent band gap of the GQDs 
is shown in Fig. 6.3g. The constant conductances over a range of voltages in the dI/dV 
spectra, reflects band gaps of 0.8 eV, 0.6 eV, 0.4 eV and 0.25 eV for the 2.7 nm, 2.7 × 
4.2 nm, 5 nm and 10 nm GQDs, respectively. The band-gap of GQDs increases with a 
reduction in the lateral size of the GQD, which is analogous to the band gap widening 
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of GNR’s with a narrowing of the ribbon width28. The experimental gap (Eg) versus 
size (L) relation for GQDs follows the relationship Eg (eV) = 1.77 ± 0.12 eV nm / 
L0.9±0.1 using a least-squares fit (Fig. 6.5), which is a close match to the predicted 




























Figure 6.5 Energy gap and size relation for GQDs. Inset: the equation from the 
least-squares fit {the size of parallelogram-shaped structure is estimated by its lateral 
size (2.7 nm + 4.2 nm)/2)}.  
 
 













Lateral size of GQDs (nm)
Eg(eV) = 
1.77 ± 0.12 eV nm / L0.9±0.1
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The slight deviation can be explained by the interaction between the GQDs and the 
Ru(0001) substrate. As the size of the GQDs increases, the discrete energy levels 
centered at 0.5 eV and 0.9 eV for the 2.7 nm GQDs gradually vanish and a typical dip 
at -0.4 eV for epitaxial graphene appears when the size of GQDs reaches 5 nm, which 
corresponds to the charge neutral Dirac point of graphene (ED). At this energy, the 
linear π bands intersect at a single point in k-space so that charge carriers vanish23,27,30. 
For GQDs larger than 10 nm, a pronounced dip appears at -0.35 eV and the tunneling 
conductance increases sharply with energy for both filled and empty states. A negative 
shift of the Dirac point by 0.35 eV is consistent with a substantial electron doping of 
the graphene adlayer by the Ru substrate.  
 
6.3.4 Carbon clusters from C60 
How do the fullerene cages open and transform into GQDs? A complete 
fragmentation of a monolayer of C60 film would produce five graphene layers if all 
the carbon atoms remain on the surface. However, for Ru surface adsorbed with 
monolayer to multilayer C60 films, only a single layer graphene was observed on the 
Ru(0001) surface after annealing at 1200 K for 5 minutes, as shown in Fig. 6.1. 
Therefore, it can be inferred that there is substantial gasification of the decomposed 
carbon fragments. To probe the decomposition process of the fullerene and to examine 
how the surface-retained fragments can transform into GQDs, we tracked the 
evolution of a lone C60 molecule on Ru(0001), as shown in Fig. 6.6a. When the 
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substrate covered with 0.03 ML C60 is gently heated to 450 K for 10 minutes, C60 
transforms into structures with three-fold rotational symmetry (inset of Fig. 6.6a). One 
interpretation is that the C60 molecule is lying with one six-member ring parallel to the 
Ru(0001) substrate, as have been observed for C60 molecules on Pt(110) and Cu(111) 
surfaces31,32. After flash annealing for 2 minutes at 725 K, numerous bright spots 
which are distinctly different from the starting C60 are found on the surface (Fig. 6.6b, 
d). The apparent height for these bright spots is 2.7 Å, which is a 60% decrease from 
the initial height of 6.5 Å for C60 under a similar bias voltage. The lateral size is also 
significantly reduced (inset of Fig. 6.6b). Upon detailed investigation, three distinct 
structures are observed at different annealing temperatures, as shown in Fig. 6.2(b, d, 
e). Annealing to 725 K produces flower-shaped dots (FD) with a three-fold symmetry 
(0.7 nm) (Fig. 6.6d), which constitutes approximately 23% of the decomposition 
products (Fig. 6.6f). Hexagonal mushroom-shaped dots with lateral width of 0.9 nm 
are also observed with a 67% yield (Fig. 6.6b). After annealing at 825 K, the smaller 
FDs appear to have merged into larger ones (1.2 nm) (Fig. 6.6e). The magnified view 
of a 1.2 nm dot (inset of Fig. 6.6e) shows that it originates from the combination of 
three FDs (3-FD), which is adjoined at a central protrusion spot. Magnified STM 
images reveal a triangular lattice pattern for the C60-derived dots rather than the 
hexagonal-shaped honeycomb lattice pattern of giant graphene. In addition, the atoms 
at the periphery of the clusters bond strongly to the substrate, resulting in an upward 
lifting (0.28 ± 0.02 Å in the apparent height for the mushroom-shaped dots) of the 
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center region relative to the edge to form a dome-like shape33. The strong bonding of 




Figure 6.6 STM images of the C60-derived clusters after annealing 0.03 ML film of 
C60 on Ru(0001). a, 0.03 ML C60 on Ru (0001). Inset：magnified view of the one C60 
molecule after annealing the sample at 450 K. The bright dots observed after flash 
annealing at 725 K for 2 min: b, mushroom-shaped dots (MD). d, Flower-shaped dot 
(FDs). e, 3-FDs obtained at 825 K. Inset (b, d, e) magnified view of these dots. Inset 
of (b), Line contour of individual C60 (green curve) and bright dots in b (white curve). 
c, The surface diffusion and combination of C60-derived fragments (STM image size: 
4.5 × 4.2 nm). f, Histogram of dot-size distribution at different annealing temperatures: 
725 K for 2 min and 825 K for 1 min. Tunneling parameters: (a) V = 1.2 V, I = 0.08 
nA, V = 100 mV, I = 0.3 nA for the inset image; (b) V = 0.3 V, I = 0.2 nA; (c) V = 1.2 V, 
I = 0.1 nA; (d) V = 0.3 V, I = 0.25 nA; (e) V = 0.3 V, I = 0.16 nA.  
 
    How are the carbon clusters generated from the opening of the C60 cage? The 
STM images in Fig. 6.7 and 6.8 provide an insight to this process, where the thermal 
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diffusion and sinking of C60 molecules are also visualized in a STM-recorded video. 
Annealing the sample to 500-550 K initiates the thermal hopping of the C60 molecules 
and the dissociation of C60 clusters on the terrace. In this temperature range, the 
diffusion barrier of the isolated C60 molecule is overcome and it moves to the on-top 
adsorption sites on Ru(0001) (Table 6.1). Simultaneously, the Ru atom under the C60 
hops out to form a vacancy, allowing the C60 to sink lower into the surface with its 
decreased apparent height of 0.5 ± 0.1 Å (Fig. 6.8). Such an adatom-vacancy 
mechanism has been observed by Felici et al. for C60 on Pt(111)34 and predicted by Li 
et al. to occur for C60 on Ag(111) surface35. At higher annealing temperature of 650 K, 
embedded C60 molecule decomposed to form carbon clusters, as shown in Fig. 6.6b.  
To obtain an atomistic insight into the decomposition mechanism of C60 on the Ru 
surface, the adsorption of a C60 molecule on a 5-layer Ru(0001) supercell slab was 
simulated using DFT. The model considers the adsorption of C60 on a Ru vacancy site 
(on-top_vac model) and a non-vacancy site (on-top model) (Table 6.1). The 
configuration in which the adatom-vacancy mechanism operates is the most 
energetically favorable. The bond lengths between the C atoms of the bottom hexagon 
ring and the closest Ru atoms (grey-pink bonds in Fig. 6.7c) are on average 2.0% 
shorter in the “on-top_vac” as compared to the “on-top” configuration. Likewise, the 
bond lengths between the second-tier carbon atoms of the C60 and the closest Ru 
atoms (black-pink bonds in Fig. 6.7d) are on average 2.5% shorter in the “on-top_vac” 
configuration. The stronger interaction of the lower hemisphere carbon atoms with the 
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Ru substrate means the weakening of certain C-C bonds in the C60 molecule. Fig. 3d 
shows the bond lengths of the bottom hemisphere of the optimized C60 of the 
“on-top_vac” configuration. The C-C long bonds labeled in red in Fig. 3d have been 
extended by about 2.6% on average as compared to the perfect C60 molecule, while 
the C-C short bonds labeled in blue have been lengthened by about 3.0%. Although 
the calculations were performed at zero K, we surmise that these lengthened bonds 
constitute a fault line that can be ruptured by thermal energy. At higher temperatures, 
sufficient energy can be generated from the resonance of electron-phonon and 
phonon-molecular vibrons coupling36 to rupture the fullerene cages into two 
unsymmetrical hemispheres along the fault line. The surface-retained fragment 
derived from the bottom hemisphere of the ruptured C60 evolved eventually into those 
surface-stabilized flower-shaped and mushroom-shaped clusters on the Ru surface, 

























Figure 6.7 The constant current 3D 5  3 nm2 STM images of carbon cluster derived 
from the decomposition of embedded C60 molecules Ru(0001) and On-top_vac 
configuration of C60 molecule on Ru(0001). a, At 600 K, e-C60: embedded C60, i-C60: 
intact C60 . b, At 650 K, d-C60: decomposition of embedded C60. c, the on-top_vac 
configuration of C60 molecule. The single-sided arrow indicates the top-down 
point-of-view, from which d was derived. d, C-C bond lengths of the bottom 












Figure 6.8 The constant current 3D 24  20 nm2 STM images of C60 molecules 
diffusion and sinking on Ru(0001). (a), At 500 K. (b), At 600 K. (c-g), Series of 12  
10 nm2 3D STM images monitoring the thermal fragmentation of C60 (circled) and 




6.3.5 C60 is the unique precursor for the growth of regular shaped GQDs  
    One question is whether the GQDs obtained here is unique to the C60 precursor. 
At a fundamental level, the question is whether the diffusional dynamics of the carbon 
clusters derived from C60 is unique for the growth of GQDs, as opposed to growth 
mediated by adatom carbon diffusion. To answer this question, we compare the 
carbon nanostructures produced by C60 and C2H4 (common used precursor in 
Chemical Vapor Deposition) in the initial stage of graphene growth. A pictorial 
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summary comparing the growth of GQDs from C60-derivied carbon clusters and large 





Figure 6.9 Comparison of the growth mechanism of graphene nanoislands and 
quantum dots using C2H4 (a-d) and C60 (e-g), respectively. a, highly mobile carbon 
adatoms from the dehydrogenation of C2H4. b, the nucleation of C adatom occurs at 
the step edges (at < 1 L dose of C2H4). Large-sized, irregular-shaped graphene islands 
are generated readily (at 1 L < Θ < 10 L dose of C2H4). c-d, corresponding STM 
images for the growth of graphene islands from C2H4. e, the majority of C60 molecules 
adsorb on the terrace and these decompose to produce carbon clusters with restricted 
mobility. f, temperature-dependent growth of GQDs with different equilibrium shape 
from the aggregation of the surface diffused carbon clusters. g-h, the corresponding 
STM images for the well-dispersed triangular and hexagonal equilibrium shaped 
GQDs produced from C60-derived carbon clusters. Tunneling parameters: (c-d, g-h) V 
= 0.5 V, I = 1 nA.  
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First, at low coverage C2H4 (< 1 L), nucleation of C adatom to form carbon 
clusters occurs at the step edges of the substrate37 because catalytic dehydrogenation 
is more facile at these sites and the carbon dimer is stabilized by the step geometry38. 
In contrast, the majority of C60 molecules adsorbed on the terraces (Fig. 6.6a). Second, 
the much higher mobility of carbon adatoms derived from hydrocarbon 
decomposition, as well as the tendency for smaller carbon species to dissolve in the 
bulk and segregate39, makes it difficult to form small GQD. Instead large size, 
irregularly shaped graphene islands are obtained by the Ostwald ripening process37. In 
the case of C60-derived clusters, due to the limited mobility of the clusters and purely 
surface-mediated growth, each aggregation event is limited to only a few clusters, 
leading to the formation of GQD. We cannot preclude the “one-by-one” addition of 
carbon adatoms from those tightly bound C-adatoms clusters for the growth of the 
GQD, due to the limited resolution of STM at the temperature of the formation of 
GQD. A lower diffusion coefficient (in the range of 10-15 to 10-16 cm2s-1) for these 
C60-derived clusters enables our dynamic STM to capture the cluster movement at 






Figure 6.10 (a-i) Experimental STM topography of irregular shape graphene islands 
grown using C2H4. (a, b) Exposing sample to the ethylene flux for 10 s at 1×10-7 torr. 
(c) Nucleation of graphene islands starts from step edge after annealing the sample (a) 
at 725 K for 1 minute. (d, e) Exposing sample to the ethylene flux for 100 s at 1 × 10-7 
torr. (f-i) The growth of irregular shaped graphene nanoislands at the expense of small 
carbon clusters with increasing annealing time (f) at 725 K (g-h) at 825 K for 1 
minute. Tunneling parameters: (a-i) V = 1.25 V, I = 0.1 nA. 
 
 
The GQDs derived are equilibrium structures with minimized edge free energy40, 
exhibiting highly symmetrical threefold and sixfold structures which are stable to 
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1000 K. (Fig. 6.11 and Fig. 6.12). Some non-equilibrium structures such as 
parallelogram-, trapezoid-shaped GQDs which were in much lower yield were also 
observed. It is instructive to see that these non-equilibrium structures transform into 
equilibrium shape by the migration and detachment of edge atoms during annealing 
(Fig. 6.11). We captured the dynamic reconstruction of the boundary of these 
structures using STM video. The important stages in the fragmentation processes, 
which follow the trapezoid → parallelogram → triangle sequence, are captured and 
highlighted by the brown circles in Fig. 6.11. Once the islands reach their equilibrium 
shapes, the growth will cease and their shapes are retained on the surface (Fig. 6.11 




Figure 6.11 Series of 25  12 nm2 STM images monitoring the transformation of 
trapezium-shaped GQDs to triangular-shaped GQD at 1000 K. The numbers in the 
image indicate the time lapse in seconds. Tunneling parameters: (a-i) V = 1.4 V, I = 







Figure 6.12 (a-i) Experimental STM topography of 5 nm GQDs with equilibrium 
shape observed from annealing 0.2 ML C60 on Ru(0001) at 1000 K. (a, b) 
non-equilibrium GQDs evolved into equilibrium structure by detachment of edge 
carbon atoms. (c) The detached carbon atoms from non-equilibrium structures were 
captured. (d-i) The growth of 5 nm hexagonal GQDs cease and the shapes are retained 









Table 6.1 Different configurations of the hexagonal face of C60 on the Ru(0001) 
surface and their respective adsorption energies. The top hemisphere of the C60 is not 
shown for the sake of clarity. a Adsorption energy was calculated with respect to the 





6.4 Conclusion  
In conclusion, we have demonstrated the formation of regularly-sized graphene 
quantum dots (GQDs) on Ru(0001) substrate using fullerene, which acts as a unique 
precursor compared to hydrocarbon source. STM imaging provides direct evidence of 
the Ru-catalyzed cage-opening of C60 and the assembly of its fragments into surface 
stabilized carbon clusters. Due to the restricted mobility of these clusters, the 
aggregation event can be more readily sized-controlled compared to carbon adatoms 
derived from hydrocarbon source. Upon thermally activated diffusion, these clusters 
coalesced to form geometrically well-defined GQDs. The adatom-vacancy model 
relevant to the molecular embedding and fragmentation of C60 on Ru surface may 
have generic validity for semiconductor or insulator substrates which can exhibit 
strong substrate-carbon bonding; the templated growth of GQDs on these surfaces 
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allow nanoelectronic applications to be realized. Arising from size effects or 
topological frustration, graphene clusters of different shapes and sizes may exhibit 
magnetic properties, and can be potential building elements for logic gates in ultrafast 
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Chapter 7 Bandgap Modulation of Nanographene with 




The remarkable electronic properties of graphene, an atomically thin carbon 
sheet with a tunable electron density and high carrier mobility, make it attractive for 
the fabrication of ultrafast nanoelectronic devices.1-4 However, one challenging issue 
in semimetallic graphene is how the bandgap openins, which is essential for the 
controlled and reliable operation of transistor devices.2,4-6 A tunable bandgap would 
be highly desirable because it would allow great flexibility in the design and 
optimization of graphene-based electronics.7 One way to lift the degeneracy of the K 
bands at the Dirac points is to break the sublattice symmetry in graphene.4,8 However 
reported methods based on surface adsorption of atoms or molecules inevitably 
introduced uncontrolled chemical doping and extended defects in the graphene 
lattice.4,8-10 Another route for bandgap engineering relies on the spatial confinement of 
electrons in low dimensional nanostructure with lateral dimension below 20 nm,6,11,12 
as in the case of graphene nanoribbons (GNR) prepared by lithographical methods.13 
The synthesis of such graphene nanostructure is not trivial in terms of the control of 




Nanographene can be considered as a spatially confined π-electron system. The 
non-bonding π electrons in the zigzag edge can potentially display unconventional 
ferromagnetism and magnetic switching phenomenon.14 One common chemical 
strategy to modify the HOMO and LUMO levels of a finite π-electron system 
involves the grafting of electron-releasing or -withdrawing substituents that will either 
increase the HOMO level or lower the LUMO level.15 Inspired by this donor-acceptor 
concept, we hypothesize that edge coupling with molecules should offer strong 
possibilities in tuning the bandgap of nanographene because of the in-plane charge 
transfer. Besides, the edge coupling should significantly affect the localization of 
electronic states along the edges, which was recently predicted as an efficient way to 
render metallic zigzag GNRs semiconducting.16-18  
Here, we construct an in-plane donor-acceptor system by the edge decoration of 
electron deficient C60 molecules on zigzag-edged nanographene. The advantage is that 
edge coupling method does not destroy the basal plane π-conjugation, unlike methods 
which couple organic molecules covalently on the basal plane. Interestingly, the 






7.2 Experimental section  
   The experiments were performed in an ultrahigh vacuum (UHV) chamber at a 
base pressure of 2  10-10 torr. The STM employed is a SPECS STM 150 Aarhus unit. 
In addition to STM topographic images, the STS data are an arithmetic average of 
values measured at 50-70 different points over the nanographene surface. The 
Ru(0001) crystal was depleted of carbon impurities by repeated cycles of argon ion 
sputtering at room temperature p(Ar) = 510 -5 torr, 1.0 keV, followed by annealing in 
an O2 pressure of 210-7 mbar at 1000 K, then flashing to 1600 K. The vacuum 
system is additionally equipped with Knudsen cells (MBE-Komponenten, Germany) 
for the evaporation of C60 housed in the preparation chamber. During deposition the 
substrate was held at room temperature.  
   Simulation part: Density Functional Theory (DFT) based first principles 
calculations were done via the SIESTA code31 using the local density approximation 
and double-ζ polarized basis. The mesh point cut-off energy was set to 500 Ry, and a 
10-4 eV of energy convergence criterion was adopted in all calculations.  
 
7.3 Results and Discussion 
Nanographene islands with zigzag edges were crystallized from carbon clusters 
derived by the thermally-induced decomposition of C60 molecules on ruthenium at 
825 K. The schematic illustrating the formation of nanographene, as well as its edge 
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decoration by C60 is shown in scheme 7.1. The coverage of C60 on Ru(0001) and 
annealing temperature and duration was carefully controlled in order to restrict the 
diffusional-aggregation process of clusters derived from the decomposed C60 
molecules. We found that the low diffusion coefficient (in the range of 10-15 to 10-16 
cm2s-1 at 700-850 K) of these C60-derived clusters limit aggregation events and favors 
the growth of geometrically well-defined and well-dispersed nanographene on 
Ru(0001), as shown in Fig. 7.1a. Although the circumference of an arbitrary shaped 
nanographene sheet is usually terminated by a combination of zigzag and armchair 
edges, examination of the nanographene on Ru (0001) reveals that the edges are 
predominantly of the zigzag type, in agreement with previous experiments.19,20 The 
epitaxial nanographene grown on metal surface preferentially exhibits zigzag edges 
due to the special crystallographic-orientation alignment of the nanographene edges 






Scheme 7.1 (I) Ru-catalysed fragmentation of C60. (II) Diffusion and aggregation of 
carbon clusters derived from C60. (III) Crystallization of graphene nanoislands and 
simultaneous dosing of C60 molecules. (IV) Decoration of edge and basal plane by C60 
molecules. (V) Edge-coupled C60 molecules remain after the desorption of C60 on the 
basal plane.   
It is well known that the oxidation and hydrogenation of graphene nanoislands 
initiates from their periphery if carried out gently.23,24 This suggests that the 
unsaturated carbon atoms on the edges possess a higher reactivity compared to the sp2 
conjugated carbon atoms on the basal plane. In these series of experiments, the 
crystallization of the carbon clusters on the Ru substrate to form nanographene islands 
was carried out simultaneously with the molecular beam evaporation of C60 molecules 
onto the surface. We observed here that once geometrically well-defined 
nanographene islands are generated on the surface, their edges and basal planes 
become decorated by C60 instantly. As shown in Fig. 7.1b, the periphery of 
nanographene became fully decorated by C60 within 2 minutes of evaporation of C60, 
while sparsely populated C60 molecules and monolayer islands (0.8 nm in height as 
shown in inset Fig. 7.1b) were observed on the basal plane of graphene nanoislands 
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(blue regions). Annealing the sample at 523 K resulted in the complete desorption of 
C60 from the basal plane (Fig. 7.1c-d). In contrast, the C60 molecules decorating the 
edges of nanographene remained stable to 750 K, whereupon the decomposition of 
C60 into carbon clusters occurred, leading to the increase in size of nanographene. 
From these, it could be inferred that the interaction between C60 molecules and the 
surface of nanographene is governed by van der Waals interaction, similar to that of 
C60 on HOPG,25 while the C60 molecules on the edge are covalently bound to both the 







Figure 7.1 STM image of (a) nanographene grown on Ru(0001) using C60 as a 
precursor. Inset: magnified view of hexagonal-shaped nanographene (b) 
nanographene with edge and basal plane decorated by C60 molecules evaporated from 
a Knudsen cell. Inset: line contour of C60 islands on the basal plane of nanographene 
taken across the green dashed line (c) After annealing the sample at 520 K for 5 
minutes (d) Large-scale STM image of the edges of nanographene (lateral size: 20-30 
nm) on Ru(0001). The edges become fully covered by C60 strands while the basal 
plane is completely desorbed of C60 molecules. Tunneling parameters (a-d): V = 1.25 
V, I = 0.1 nA. 
In order to examine the binding strength of C60 on the edge or basal plane of 
nanographene, lateral manipulation of C60 using STM tip was preformed. We found 
that the C60 absorbing on the basal plane can be dislodged easily by the STM tip due 
to its weak physical absorption. The lateral manipulation of C60 on the basal plane of 
Ru(0001) towards the edge, followed by its spontaneous attachment, can be achieved 
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by increasing the tunneling current from 0.1 nA to 3 nA (Fig. 7.2) to promote 
tip-adsorbate interaction. It must be pointed out that there are differences in binding 
forces for C60 molecules adsorbed on bare Ru(0001) surface compared to C60 
molecules which are covalently coupled to the edges; the former can be moved by 
STM tip by increasing the tunneling current to 3nA. In contrast, the C60 absorbing at 
the edge are strongly bound and cannot be dislodged by STM tip even after increasing 
the tunneling current to 5 nA, which suggests that these molecules are probably 
terminating the edge dangling bonds of nanographene. By carefully controlling the 
deposition rate and annealing time, we can generate nanographene with the zigzag 
edges completely covered by closed strands of C60 while keeping the basal plane free 
of C60 (Fig. 7.1d and Fig. 7.3). 
 
Figure 7.2 Constant current topographs show the lateral manipulation of C60 on Ru 
surface while those C60 directly sitting on the edge of nanographene can not dislodged 
with a low tunneling gap resistance (30 mV and 3 to 5 nA). Tunneling parameters for 
the above STM images (a-c): V = 1.25 V, I = 0.1 nA. 
To investigate the changes in the electronic properties of the individual C60 
molecule before and after attachment to the edges of nanographene, spatially resolved 
Scanning Tunneling Spectroscopy (STS) was performed on C60 molecules adsorbed at 
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different sites, as shown in Fig. 7.4. STS was performed at 100 K to minimize effects 
from thermal broadening of both the sample and tip electron energy distribution. For 
positive bias voltages, this allows the probing of the lowest unoccupied molecular 
orbital (LUMO) as well as higher lying orbitals (LUMO + 1, etc.). Fig. 7.4 shows 
spatially averaged dI/dV spectra for individual C60 molecule on Ru(0001) and at the 
edge of nanographene respectively. The two main features located at 0.6 and 1.34 eV 
for C60 on Ru (0001) corresponds to the LUMO states and LUMO + 1 resonance. In 
C60 edge-decorated graphene, these unoccupied molecular levels further shift down in 
energy with respect to the Fermi level (EF). The downshift of 150 meV towards Fermi 
level (EF) for the LUMO + 1 level agrees well with the magnitude of orbital shift for 




Figure 7.3 dI/dV spectra taken from C60 molecules on Ru(0001) and at the edges of 
nanographene respectively. Inset scheme to illustrate nanographene with the edges 
fully decorated by C60 molecular chains.  
Grafting electron donor or acceptor moieties in the π-conjugated system is a 
common strategy in chemistry to implement molecular engineering of the 
HOMO-LUMO gap. To investigate the electronic structures of edge-decorated 
nanographene, we performed STS measurement to probe the local surface density of 
states. STS measurement of the clean ruthenium regions shows that it is flat between 
-0.3 and + 0.3 eV, which reflects that there is no special surface states in this region, 
thus additional features observed in the STS curves of nanographene originate from 
electronic states in it. Graphene nanoislands with similar shape and sizes (20 ± 2 nm), 
as well as nearly vanished bandgap in their electronic spectra (Fig. 7.4), were selected 
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for the edge-functionalization. At low edge coverage of C60 (0 < Θ < 1/3) (Fig. 7.4a), 
the Dirac point (ED: the tip indicated by arrow in Fig. 7.4e) shifts up by 0.2 eV, this is 
indicative of charge transfer from nanographene to C60 molecules which neutralizes 
the n-type doping effect from the underlying substrate.19,27 With increasing C60 
coverage (1/3 < Θ < 2/3) (Fig. 7.4b), the Dirac point shifts continuously upwards and 
a 0.2 eV energy gap opens in the STS spectrum. At complete peripheral coverage, the 
bandgap is widened to 0.3 eV. Increasing the concentration of the edge-decorated C60 
to form multiple rings opens the band gap to 0.6 eV. This suggests that the amount of 
charge transfer is dependent on the coverage of C60 at the edge. The multiple rings of 
C60 surrounding the nanographene island forms a condensed fullerite phase which has 






Figure 7.4 STM images and its corresponding spatially resolved STS data for varying 
coverages of C60 molecules on the edge. (a) 0 < Θ < 1/3; (b) 1/3 < Θ < 2/3; (c) 2/3 < 
Θ < 2; (d) Θ > 5. (e) dI/dV spectra taken from (a): (I), (b): (II), (c): (III), (d): (IV). The 
bottom pink curve: Ru substrate. Tunneling parameters (a-d): V = 1.25 V, I = 0.1 nA.  
 
Bandgap opening in GNRs have been intensively studied in recent years. 
Theoretical calculations showed that the edge geometry of GNRs plays an important 
role in the gap opening: Two thirds of armchair GNRs (AGNRs) are semiconducting, 
while zigzag graphene nanoribbons (ZGNRs) are gapless due to localized edge states 
at Fermi level.29,30 It is interesting to ask whether the edge states similar to that of 
ZGNRs exist in the nanographene studied here, and if they exist, how the adsorption 
of C60 molecules affects it. In order to address these questions, we performed a series 
of DFT based first principles calculations for a zigzag edged nanographene as shown 
in Fig. 7.5. Calculations were done via the SIESTA code31 using the local density 
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approximation and double-ζ polarized basis. In the upper panel of Fig. 7.5a, we show 
the alignment between the energy levels of zigzag-edged nanographene with an 
isolated C60 molecule. At the Fermi level, two types of nearly degenerate states 
(denoted as E and D in the figure) occur in the nanographene to cause it to become 
gapless: One state (E) is localized at edges, and another one (D) is dispersive 
throughout the nanographene, as suggested by the plot of square of wave functions 
(Fig. 7.5b). This is similar to the case of ZGNRs where the boundary conditions 
arising from zigzag edges support two types of states near the Fermi energy: edge 
states and dispersive states confined inside the ribbon.32 The LUMO orbital of 
isolated C60 is close in energy to nanographene states near the Fermi energy, as shown 
in Fig. 7.5a. When adsorbed on zigzag edges, our calculations show that C60 
molecules interact strongly with the nanographene through orbital hybridization as 
shown in Fig. 7.5b. In particular, the LUMO of C60 hybridizes with nanographene 
states on Fermi level (E and D), causing the local density of states (LDOS) peak at the 
Fermi level to split into one peak below Fermi energy (bonding) and another above it 
(anti-bonding), as shown in the lower panel of Fig. 7.5a. The separation between these 
two peaks is around 0.3 eV. The square of wave functions of these binding hybridized 
orbitals is plotted in Fig. 7.5b. The close resemblance between these hybridized states 
and their corresponding nanographene states without C60 molecules can be clearly 
seen. We therefore believe that the level splitting due to the hybridization between C60 
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LUMO orbital and these edge states play an important role in the gap opening of 




Figure 7.5 (a) Upper: local density of states (LDOS) of the system composed of a 
nanographene (NG) with 6 zigzag edges and a separate C60 molecule. The NG is far 
away (>10 Ǻ) and thus has no interaction with the C60 molecule. The graph shows the 
alignment between their energy levels. There are two kinds of degenerate states at the 
Fermi energy (Ef): one is localized at zigzag edges (E) and the other one is dispersive 
on NG (D). Lower: LDOS of the system with six C60 molecules adsorbed on NG 
edges. The splitting of the NG states at Fermi energy is due to the hybridization 
between NG states (E,D) and LUMO of C60. The resulting hybridized binding states 
are labels as HE and HD. Note that the peak above the Fermi energy is from the 
hybridized anti-binding states. (b) The square of wave functions corresponding to the 
NG states at Fermi energy (E, D) and the hybridized states (HE, HD).  
 
7.4 Conclusion 
In conclusion, we have demonstrated that the bandgap of nanographene can be 
modulated by varying the coverage of C60 molecules attached at the periphery of 
nanographene, such interaction is analogous to the donor-acceptor interaction in 
molecular dyads. This “local band gap engineering” method is mainly effective for 
modulating the energy gap of dimensionally-confined structures like graphene 
nanoribbons and nanoislands where the zigzag edge states play a major role in 
controlling the metal-to-semiconductor transition. In terms of practical relevance, we 
conjecture that molecular beam evaporation of C60 can be incorporated in situ during 
the lithographical processing of nanoribbons in vacuum such that the instant the 
nanoribbon is generated from bulk sheets, their edges can be immediately passivated 
by C60. Another possibility is the chemical functionalization of solution-processable 
graphene flakes at the edges by C60. The unique advantage of this band gap 
engineering method is that for a fixed size of nanographene, the band gap can be 
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varied continuously by changing the coverage of the edge-coupled C60. In addition to 
bandgap modulation, charge transfer interactions may afford interesting applications 
in non-linear optics and spintronics.  
 
REFERENCES 
1. Novoselov, K.S. et al. Electric field effect in atomically thin carbon films. 
Science 306, 666-669 (2004). 
2. Geim, A.K. & Novoselov, K.S. The rise of graphene. Nature Materials 6, 
183-191 (2007). 
3. Wu, J.S., Pisula, W. & Mullen, K. Graphenes as potential material for 
electronics. Chemical Reviews 107, 718-747 (2007). 
4. Zhou, S.Y. et al. Substrate-induced bandgap opening in epitaxial graphene. 
Nature Materials 6, 770-775 (2007). 
5. Kwon, S.Y. et al. Growth of Semiconducting Graphene on Palladium. Nano 
Letters 9, 3985-3990 (2009). 
6. Ritter, K.A. & Lyding, J.W. The influence of edge structure on the electronic 
properties of graphene quantum dots and nanoribbons. Nature Materials 8, 
235-242 (2009). 
7. Zhang, Y.B. et al. Direct observation of a widely tunable bandgap in bilayer 
graphene. Nature 459, 820-823 (2009). 
161 
 
8. Balog, R. et al. Bandgap opening in graphene induced by patterned hydrogen 
adsorption. Nature Materials 9, 315-319 (2010). 
9. Luo, Z.T., Vora, P.M., Mele, E.J., Johnson, A.T.C. & Kikkawa, J.M. 
Photoluminescence and band gap modulation in graphene oxide. Applied 
Physics Letters 94, 111909-111911 (2009). 
10. Niyogi, S. et al. Spectroscopy of Covalently Functionalized Graphene. Nano 
Letters 10, 4061-4066 (2010). 
11. Berger, C. et al. Electronic confinement and coherence in patterned epitaxial 
graphene. Science 312, 1191-1196 (2006). 
12. Guclu, A.D., Potasz, P., Voznyy, O., Korkusinski, M. & Hawrylak, P. 
Magnetism and Correlations in Fractionally Filled Degenerate Shells of 
Graphene Quantum Dots. Physical Review Letters 103, 246805-246808 
(2009). 
13. Han, M.Y., Ozyilmaz, B., Zhang, Y.B. & Kim, P. Energy band-gap 
engineering of graphene nanoribbons. Physical Review Letters 98, 
206805-206808 (2007). 
14. Enoki, T., Kobayashi, Y. & Fukui, K.I. Electronic structures of graphene 
edges and nanographene. Int Rev Phys Chem 26, 609-645 (2007). 
15. Roncali, J. Synthetic principles for bandgap control in linear pi-conjugated 
systems. Chemical Reviews 97, 173-205 (1997). 
162 
 
16. Martins, T.B., Miwa, R.H., da Silva, A.J.R. & Fazzio, A. Electronic and 
transport properties of boron-doped graphene nanoribbons. Physical Review 
Letters 98, 196803-196806 (2007). 
17. Wang, Z.F. et al. Tuning the electronic structure of graphene nanoribbons 
through chemical edge modification: A theoretical study. Physical Review B 
75, 113406-113409 (2007). 
18. Cervantes-Sodi, F., Csanyi, G., Piscanec, S. & Ferrari, A.C. 
Edge-functionalized and substitutionally doped graphene nanoribbons: 
Electronic and spin properties. Physical Review B 77, 165427 (2008). 
19. de Parga, A.L.V. et al. Periodically rippled graphene: Growth and spatially 
resolved electronic structure. Physical Review Letters 100, 056807 (2008). 
20. Sutter, P.W., Flege, J.I. & Sutter, E.A. Epitaxial graphene on ruthenium. 
Nature Materials 7, 406-411 (2008). 
21. Coraux, J. et al. Growth of graphene on Ir(111). New Journal of Physics 
11(2009). 
22. Eom, D. et al. Structure and Electronic Properties of Graphene Nanoislands on 
Co(0001). Nano Letters 9, 2844-2848 (2009). 
23. Cui, Y., Fu, Q., Zhang, H., Tan, D.L. & Bao, X.H. Dynamic Characterization 
of Graphene Growth and Etching by Oxygen on Ru(0001) by Photoemission 




24. Dinger, A., Lutterloh, C., Biener, J. & Kuppers, J. Hydrogen atom reactions 
with graphite island edges on Pt(111) surfaces: hydrogenation through 
Eley-Rideal and hot-atom processes. Surface Science 421, 17-26 (1999). 
25. Reinke, P., Feldermann, H. & Oelhafen, P. C-60 bonding to graphite and 
boron nitride surfaces. Journal of Chemical Physics 119, 12547-12552 (2003). 
26. Yamachika, R., Grobis, M., Wachowiak, A. & Crommie, M.F. Controlled 
atomic doping of a single C-60 molecule. Science 304, 281-284 (2004). 
27. Zhang, Y.B. et al. Giant phonon-induced conductance in scanning tunnelling 
spectroscopy of gate-tunable graphene. Nature Physics 4, 627-630 (2008). 
28. Hoh, H.Y., Loh, K.P., Sullivan, M.B. & Wu, P. Spatial effect of C-H dipoles 
on the electron affinity of diamond (100)-2x1 adsorbed with organic 
molecules. Chemphyschem 9, 1338-1344 (2008). 
29. Nakada, K., Fujita, M., Dresselhaus, G. & Dresselhaus, M.S. Edge state in 
graphene ribbons: Nanometer size effect and edge shape dependence. Physical 
Review B 54, 17954-17961 (1996). 
30. Son, Y.W., Cohen, M.L. & Louie, S.G. Energy gaps in graphene nanoribbons. 
Physical Review Letters 97, 216803-216806 (2006). 
31. SanchezPortal, D., Ordejon, P., Artacho, E. & Soler, J.M. Density-functional 
method for very large systems with LCAO basis sets. International Journal of 
Quantum Chemistry 65, 453-461 (1997). 
164 
 
32. Castro Neto, A.H., Guinea, F., Peres, N.M.R., Novoselov, K.S. & Geim, A.K. 






















Chapter 8 Conclusions 
 
The electrical and optical properties of graphene are sensitive functions of its 
environment and its lateral dimension. Single, bilayer and multilayer graphene, as 
well as nano-sized graphene were investigated using High Resolution Electron Energy 
Loss Spectroscopy (HREELS) and Scanning Tunneling Microscopy (STM). The work 
described in Chapter 3-4 focuses on the low energy EELS studies of phonon and 
surface plasmon behaviors of epitaxial graphene on SiC(0001) with different 
thickness. In Chapter 5-7, the graphene nanostructures investigated were produced by 
different methods such as wet-chemistry and thermal annealing in vaccuum. We have 
also characterized the role of the basal plane defects, lateral size, edge configuration 
and edge functionalization on the electronic properties of graphene nanostructures.  
In chapter 3-4, we demonstrate that HREELS measurement can be used as a 
sensitive and effective tool to study the plasmon behaviors and determine of the layer 
thickness of graphene. Our results reveal that the plasmon loss energies are different 
for graphene of different thickness. The linear and positive dispersion of π plasmon in 
single layer EG reflects the linear dispersion of band structure near the K point in 
contrast to parabolic dispersion in multilayer EG. In the lower energy loss region, the 
intensity of the FK phonon and loss continuum also provides fingerprint profiling of 
the thickness of the graphene layers. For the epitaxial bilayer graphene, low-energy 
2D plasmon coupling with F-K phonon in low q region was observed. Having 
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obtained well-resolved EELS spectra, we revisited the 2D plasmon dispersion and 
found that bilayer graphene unambiguously exhibits an acoustic behavior in the 0.05 
< q < 0.2 Å-1, with linear dispersion up to 2 eV. Such acoustic dispersion to higher 
energy range may be useful to concentrate and channel light on the graphene surface 
over a broad frequency range with possible impact on superconducting properties. By 
measuring the σ + π plasmon dispersion, a localized mode was resolved due to 
spatially confined plasmon perpendicular to the sheet plane, which would vanish in 
single layer graphene. The peculiarities of the π bands near the Fermi surface as well 
as interlayer Coulomb coupling and electronic screening in bilayer graphene are 
believed to result in the deviations of the plasmons behavior from that of single layer 
graphene.  
In chapter 6, we demonstrated the formation of regularly-sized graphene quantum 
dots (GQDs) on Ru(0001) substrate using fullerene, which acts as a unique precursor 
compared to hydrocarbon source. STM imaging provides direct evidence of the 
Ru-catalyzed cage-opening of C60 and the assembly of its fragments into surface 
stabilized carbon clusters. Due to the restricted mobility of these clusters, the 
aggregation event can be more readily sized-controlled compared to carbon adatoms 
derived from hydrocarbon source. Upon thermally activated diffusion, these clusters 
coalesced to form geometrically well-defined GQDs. The adatom-vacancy model 
relevant to the molecular embedding and fragmentation of C60 on Ru surface may 
have generic validity for semiconductor or insulator substrates which can exhibit 
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strong substrate-carbon bonding; the templated growth of GQDs on these surfaces 
allow nanoelectronic applications to be realized. Arising from size effects or 
topological frustration, graphene clusters of different shapes and sizes may exhibit 
magnetic properties, and can be potential building elements for logic gates in ultrafast 
high density spintronic devices.  
Extending from chapter 6, in chapter 7, a lateral electron transfer approach was 
utilized to tune the bandgap of nanographene by varying the concentration of C60 
molecules at the periphery of nanographene. This “local band gap engineering” 
method is mainly effective for modulating the energy gap of dimensionally-confined 
structures like graphene nanoribbons and nanoislands where the zigzag edge states 
play major role in controlling the metal-to-semiconductor transition. In terms of 
practical relevance, we conjecture that molecular beam evaporation of C60 can be 
incorporated in situ during the lithographical processing of nanoribbons in vacuum, 
such that once the nanoribbon is generated from bulk sheets, the edges can be 
immediately passivated by C60. Another possibility is the chemical functionalization 
of solution-processable graphene flakes at the edges by C60. In addition to the gap 
modulation, charge-transfer interactions may afford interesting applications in 
non-linear optics and spintronics. 
Last but not least, we have developed a unified one-pot electrochemistry method 
to prepare fluorescent carbon nanoribbons, nanoparticles and graphene sheets from 
the exfoliation graphite electrode. The mechanism of the exfoliation is due to a 
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complex interplay of anodic oxidation of water and anionic intercalation from the 
ionic liquid. For the first time, we demonstrated that carbon nanoribbons could be 
produced directly from graphite by the concerted action of anionic intercalation and 
oxidative cleavage. The chemical composition and surface passivation of the 
exfoliated carbon nanoparticles can be controlled by changing the water:ILs ratio in 
the electrolyte, thus allowing the fluorescence from the exfoliated nanoparticles to be 
tuned from the ultraviolet to visible regions. It is clear that this method allows upward 
scalability in terms of the production of bulk quantities of fluorescent and 
biocompatible carbon nanomaterials which could be applied in biological labeling and 
imaging.  
A lot of work still needs to be done in terms of the control of sizes, shapes and 
edge configurations of graphene. Additionally, to fully understanding 
structure-dependent electron transport properties, a facile method to synthesis of 
free-standing graphene nanostructures with atomically precise structures is needed. 
Bandgap engineering can be implemented in graphene nanostructures, which is 
essential to give large on-off current ratios for the graphene-based transistor. 
Moreover, GNRs with special edges are predicted to be half-metallic in the presence 
of a high electric field, which means the ribbon is conducting for one kind of spins 
and insulating for the other. Therefore, GNRs could serve as a spin filter which may 
open a new path for graphene nanostructure–based materials applied in the spintronics 
field. However, it is hard to evaluate the reproducibility and reliability of the device 
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performance due to the lack of regularly-shaped graphene nanostructures with the 
precise atomic structure. More future work needs to be done to address structure and 
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